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Abstract 
 
Human impacts to water resources occur in a variety of instances and are often associated with, 
but not limited to, nor always a result of, industrial processes. Manufacturing of Cr compounds 
for use as a corrosion inhibitor require the transformation of Cr into a toxic state, requiring 
extreme safety and caution during processing and handling.  
 
Historical processing of chromite ore at the Mouat Industries site led to Cr-contaminated 
groundwater within the city limits of Columbus, MT. After the site was listed on the 
Environmental Protection Agency’s National Priority List in 1986, soil remediation was 
conducted at the site in 1994. Contaminated soils were excavated, mixed with an acid/ferrous 
sulfate solution (reducing hexavalent Cr (CrVI) to trivalent Cr (CrIII)), neutralized with lime 
(CaO), secured into blocks with cement, and the blocks were buried in an on-site in a repository.  
 
Portions of the contaminated soils that were below the clean-up threshold were not treated, but 
were used to backfill the excavated area. A synthetic liner was placed above the repository, and 
the cover is clean foreign soil and gravel or grass. Aqueous Cr(VI), a carcinogen, remains 
present at variable concentrations, locally above the maximum contaminant level (MCL) within 
and rarely down-gradient of the site.  
 
Groundwater monitoring and sampling has been ongoing since 1996; however concerns remain 
about Cr mobility and transport off-site. As part of the field investigation, water quality samples 
were collected from 22 wells in June and 15 wells in September, 2015; groundwater levels were 
monitored in 26 wells; well measuring point elevation and surface water elevations were 
surveyed. As part of the laboratory investigations, leaching and sorption tests were performed, 
and a groundwater flow model (GMS-MODFLOW) was constructed using field and laboratory 
data to simulate groundwater flow and contaminant transport. Leaching studies show that Cr is 
available to be leached from the repository at similar concentrations to groundwater; sorption 
batch test results suggest that Cr(VI) is not adsorbed onto aquifer soils; and Cr(VI)/Cr(III) 
speciation data provide spatial variation and confirmation of the existence of Cr(VI) at high 
concentrations in the repository and low concentrations in the point of compliance wells.   
 
The model results indicate a range of transport time between 5 and 13 months for Cr(VI) to reach 
POC wells at the MCL of 100μg/L.  
 
 
 
 
Keywords: MODFLOW, groundwater, contaminant hydrogeology, Hexavalent chromium, 
Columbus, Mouat Industries, Stillwater County 
iii 
Dedication 
To all of those who mentored and encouraged me to return for a Master of Science degree- your 
encouragement and belief in me were a motivation through discouraging times.  
 
 
iv 
Acknowledgements 
I would like to thank Gary Icopini and Ted Duaime, at the Montana Bureau of Mines and 
Geology for their support and guidance through this project. 
 
Glenn Shaw, Chris Gammons, and Raja Nagisetty at Montana Tech for oversight and direction; 
 
Jeremy Crowley for assistance with surveying the wells, and GWIP for use of the GPS units. 
 
Daryl Reed with the Montana DEQ for providing samples and guidance;  
 
Jackie Timmer and Ashley Huff with the Analytical Lab at the Montana Bureau of Mines and 
Geology for the generous support and help with experiments and analysis;   
 
The Columbus Public Works Department, Stillwater County Golf Course and Airport for their 
support. 
 
v 
Table of Contents 
 
ABSTRACT ............................................................................................................................................. II 
DEDICATION ........................................................................................................................................ III 
ACKNOWLEDGEMENTS ........................................................................................................................ IV 
LIST OF TABLES .................................................................................................................................... VII 
LIST OF FIGURES ................................................................................................................................. VIII 
1.  INTRODUCTION ................................................................................................................................. 1 
1.1.  Previous Work .................................................................................................................... 2 
1.2.  Purpose and Scope ............................................................................................................. 5 
1.3.  Study Area .......................................................................................................................... 6 
1.4.  Sorption ............................................................................................................................ 12 
1.5.  Natural Attenuation ......................................................................................................... 13 
2.  METHODS ...................................................................................................................................... 15 
2.1.  Survey ............................................................................................................................... 15 
2.2.  Groundwater Monitoring and Sampling .......................................................................... 16 
Hexavalent Chromium ............................................................................................................................... 21 
2.3.  Soil Sampling .................................................................................................................... 22 
2.4.  Synthetic Precipitation Leaching Procedure ..................................................................... 25 
2.5.  Sorption Batch Experiments ............................................................................................. 26 
2.6.  Soil Organic Carbon .......................................................................................................... 32 
3.  RESULTS ......................................................................................................................................... 33 
3.1.  Groundwater Monitoring and Sampling .......................................................................... 33 
3.1.1.  Water‐level Monitoring ..................................................................................................................... 33 
3.1.2.  Groundwater Sampling and Analysis ................................................................................................. 36 
3.1.2.1.  Dissolved Organic Carbon ......................................................................................................... 40 
vi 
3.1.2.2.  Hexavalent Chromium .............................................................................................................. 41 
3.2.  Synthetic Precipitation Leaching Procedure ..................................................................... 41 
3.2.1.  Station 1 ............................................................................................................................................ 42 
3.2.2.  Station 2 ............................................................................................................................................ 42 
3.2.3.  Station 3 ............................................................................................................................................ 42 
3.2.4.  Station 4‐ Repository fill .................................................................................................................... 43 
3.2.5.  Repository Blocks .............................................................................................................................. 43 
3.3.  Sorption Batch Experiments ............................................................................................. 45 
3.4.  Natural Attenuation ......................................................................................................... 46 
4.  GROUNDWATER FLOW MODELING‐ MODFLOW ................................................................................. 49 
4.1.  Methods ........................................................................................................................... 49 
4.1.1.  Conceptual Model ............................................................................................................................. 50 
4.1.1.  Numerical Model ............................................................................................................................... 52 
4.1.1.1.  Packages .................................................................................................................................... 55 
4.1.1.2.  River Package (RIV) ................................................................................................................... 55 
4.1.1.3.  Specified Head Package (CHD) .................................................................................................. 57 
4.1.1.4.  Recharge Package (RCH) ........................................................................................................... 57 
4.1.1.5.  Drain Package (DRN) ................................................................................................................. 57 
4.2.  Steady‐State Calibration .................................................................................................. 58 
4.3.  MT3DMS .......................................................................................................................... 68 
4.4.  Sensitivity Analysis ........................................................................................................... 71 
5.  DISCUSSION .................................................................................................................................... 72 
6.  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK .................................................................. 79 
7.  REFERENCES CITED ........................................................................................................................... 80 
8.  APPENDIX A: WATER QUALITY DATA ................................................................................................... 84 
9.  APPENDIX B: MODELING RESULTS .................................................................................................... 100 
vii 
List of Tables  
Table I. Well designation, location, completion, sampling, monitoring and abandonment 
information for all wells, adapted from Icopini and Duaime, 2012. ........................5 
Table II. Measuring point elevations for Mouat monitoring wells. ...................................16 
Table III. Stable field parameters for water quality samples collected in July and September, 
2015........................................................................................................................39 
Table IV SPLP results of chromium concentrations at soil sites and repository material .43 
Table V. Results from SPLP tests on soils and repository fill and block material. ...........44 
Table VI. Absorbance and calculated concentration of initial (Ci) and equilibrated (Ce) solutions 
from sorption batch tests. .......................................................................................46 
Table VII. Total carbon, total nitrogen, and organic carbon for soils. ..............................48 
Table VIII. Observed and Computed (modeled) hydraulic head values and associated residual 
error, mean error, mean absolute error, and root mean squared (RMS) error for each 
iteration of hydraulic conductivity (X, 3X, 6X). ...................................................61 
Table IX. Detailed flow budgets for each iteration (X, 3X, and 6X) of the model. ..........67 
Table X. Summary of steady-state sensitivity analysis .....................................................71 
 
  
viii 
List of Figures  
 
Figure 1. Location of Columbus and Mouat Industries site.................................................7 
Figure 2. Seasonal marshes formed during spring conditions. Observed during May, 2015 visit
..................................................................................................................................8 
Figure 3. Well and transducer locations at the Mouat site. ................................................10 
Figure 4. . Hydrograph showing comparison between monitoring wells MIS-12 and MIS-13 
(right Y-axis) and the Yellowstone River (left Y-axis). ........................................11 
Figure 5. Hydrograph showing precipitation events and cumulative precipitation for Columbus, 
MT from  www.usclimatedata.com .......................................................................12 
Figure 6. Reduction of Cr(VI) by soil humic acid at pH 3 and 5, from Palmer and Puls, 1994
................................................................................................................................14 
Figure 7. Trimble survey equipment surveying RMIS-3 measuring point elevation. .......15 
Figure 8. Stilling well SW-01 located in the golf course ditch. .........................................17 
Figure 9. Mouat monitoring well locations identified by presence of transducers transducers
................................................................................................................................18 
Figure 10. Piece of Mouat repository block material (approximately 4 inches) ...............23 
Figure 11. Locations where soil samples were collected in September, 2015. .................24 
Figure 12. Riffle-type sample splitter used for homogenizing the soil samples. ...............28 
Figure 13. Burrell Wrist Action Shaker used for sorption batch experiments. ..................29 
Figure 14. Calibration curves for quantifying Cr(VI) concentration in sorption batch tests.31 
Figure 15. Groundwater hydrographs for Mouat monitoring wells, including historical data.
................................................................................................................................34 
Figure 16. Groundwater hydrographs for monitoring wells showing spring recharge. .....35 
ix 
Figure 17. Piper diagram showing the composition of groundwater and end members. Dotted line 
and cross-hairs .......................................................................................................36 
Figure 18. Stiff diagrams showing the composition and distribution of water types throughout the 
site. .........................................................................................................................37 
Figure 19. DOC vs. Dissolved Cr concentrations in groundwater. ...................................40 
Figure 20. Vacu-vials showing violet color from Diphenylcarbazide reaction with Cr(VI) for 
Mouat block material. ............................................................................................45 
Figure 21. Water table surface map with 1-foot contour interval, showing a zone where Cr > 
10μg/L (Cr data from Vacu-vials during July, 2015 sampling). ............................54 
Figure 22. Computed vs. observed head values for each iteration of hydraulic conductivity within 
the model ................................................................................................................62 
Figure 23. Steady-state calibrated model showing potentiometric surface contours (1.5 foot 
contour interval), and calibrated head residual error (+/- 0.5 feet). .......................63 
Figure 24. Distribution of hydraulic conductivity estimated by PEST pilot-points calibration
................................................................................................................................64 
Figure 25. Distribution of pilot points used for PEST calibration, including potentiometric 
surface contours and calibrated head residual error. ..............................................65 
Figure 26. Saturation curve for Cr2O3(s) for pH between 6 and 10. Concentrations modeled with 
Visual Minteq version 3.0 (Gustafsson, 2012). .....................................................74 
Figure 27. MT3DMS prediction of Cr plume in model 6X with standard values after 5600 days.
................................................................................................................................76 
 
 
1 
1. Introduction 
Chromium (Cr) is found naturally in the environment at varying concentrations in 
groundwater. Naturally occurring Cr is likely due to the decomposition of Cr-bearing rock units. 
Cr can be found in sedimentary rocks, but is likely sourced by mafic-ultramafic igneous intrusive 
rocks. Cr, like most transition metals, is present in many oxidations states, however the Eh-pH 
range of natural aquatic systems causes trivalent (III) and hexavalent (VI) Cr to be the two of 
primary importance (Richard and Bourg, 1991). The Cr(VI) cation is highly reactive and is 
present in the environment in conditions dependent on pH. At low pH, the bichromate ion 
(HCrO4-) is most abundant, however at high concentrations (>10mM) and low pH, the 
predominant species is dichromate (Cr2O72-). The chromate anion (CrO42-), most significant for 
this study, is predominant at near neutral pH of 6.5 (Harden, 2011). Transport of Cr(III) and 
Cr(VI) species differ due to their sorption potential. The chromate ion is highly soluble, weakly 
sorbed, and therefore mobile in groundwater. In contrast, the reduced form, Cr(III), is common 
in cationic form, is relatively insoluble and can be strongly sorbed (Friedly, 1995). The sorption 
potential of these ions is strongly dependent on the surface charge of the aquifer medium and 
therefore the pH of groundwater. Laboratory batch tests were used to simulate site conditions 
and predict the sorption of Cr(VI) onto aquifer sediments. Batch experiments, if carefully 
conducted, can provide essential data for use in a conceptual and transport model (Friedly, 
1995).  
Cr(VI) introduced into the environment by anthropogenic sources is due to the processing 
of chromite (FeCr2O4) ore to manufacture Cr(VI) compounds. Cr(VI) is used in many industrial 
products and processes for its chemical, metallurgical, and refractory properties (Nriagu, 1988). 
Cr(VI) is an important component to many steel alloys because it inhibits corrosion, has a high 
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melting point, and improves mechanical properties. Some Cr compounds are also manufactured 
for commercial use as pigments, leather tanning, and other miscellaneous uses.  
Cr, in small amounts, is necessary for the human diet (Bartlett and James, 1988). 
However high levels of Cr can cause health conditions such as nausea, skin ulcerations, lung 
cancer, and at concentration above 0.1mg/g, Cr can become lethal (Richard and Bourg, 1991). 
The maximum contaminant level (MCL) for total Cr in groundwater, determined by the EPA, is 
100μg/l (0.1mg/l) (Montana DEQ, 2012).  
The Mouat Industries site is located in Columbus, Montana due to the proximity to the 
Mouat Chromite mine in the Stillwater Igneous Complex of south-central Montana. The facility 
was constructed by William G. Mouat in 1957, and processed ore from the mine on an as-needed 
basis to produce high-grade sodium dichromate as a corrosion inhibitor. Waste containing 
Cr(VI), produced as a result of the processing, was stored on-site and Cr(VI) was leached from 
the waste piles into underlying soils and groundwater. This thesis research investigates the 
transport of Cr(VI) in groundwater, post remediation. 
1.1. Previous Work 
The processing of chromite ore at the Mouat Industries site, during 1957 to 1963, led to 
the production of high-grade sodium dichromate and sodium sulfate waste (ARCO, 2004). The 
sodium sulfate waste contained sodium chromate and sodium dichromate, both of which contain 
Cr(VI). The storage and handling of these materials (to 1974) led to Cr-contaminated soil, 
groundwater, and surface water by leaching from the waste piles and various spills during 
operation (Scherer, 1991). As part of an agreement between the potentially responsible parties, 
including the city of Columbus, Mouat Industries, FMC, Monte Vista Corporation (MVC), and 
the Anaconda Minerals Company (AMC), AMC initially removed approximately 100 tons of 
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waste and contaminated soil from the site and shipped it to Butte, MT in 1973. AMC treated the 
remaining contaminated soil in situ with an acid/ferrous sulfate solution, to reduce the Cr(VI) to 
the less toxic Cr(III), and neutralized the soil using lime. In 1977, HKM Associates identified a 
Cr(VI) plume in groundwater extending from the Mouat site to the southeast, toward the 
Yellowstone River. The EPA and Montana Solid Waste Management Bureau coordinated a 
preliminary site investigation, and continued sampling ground and surface water and soil 
between 1979 and 1984. The EPA initiated a removal action plan in 1990, which involved an on-
site soil treatment plan of greater soil volume than AMC previously treated. Documents don’t 
indicate that a liner was placed above or beneath the repository, and the cover is clean soil and 
gravel or grass. According to findings during drilling in 2007, Gary Icopini indicates, through 
personal communication, that a synthetic liner is present approximately one foot below ground 
surface. 
The Environmental Protection Agency (EPA) placed the Mouat Industries Site on the 
National Priority List (NPL) in June, 1986. From 1993 through 1995 FMC conducted full scale 
excavation, treatment, and reclamation activities (FMC, 1995). Clean-up performance standards 
of 0.5mg/L of total Cr for soils inside the repository area and 0.1 mg/L total Cr for soils outside 
the repository were set by the Response Action Work Plan, and quantified by the Toxicity 
Characteristic Leaching Procedure. Approximately 19,000 cubic yards of soil exceeded the 
performance standards and were shipped off-site by rail: soils with >5.0 mg/L Cr were 
considered hazardous, and shipped to a disposal and treatment facility at Grassy Mountain, Utah; 
soils with <5.0 mg/L Cr were considered non-hazardous, and shipped to the East Carbon 
Development Corporation waste disposal facility in East Carbon, Utah. As the remaining soils 
within the performance standard limits were excavated, Cr(VI) was immobilized by both 
4 
reduction of Cr(VI) to Cr(III) with reduced forms of iron and sulfur, and further by solidification 
in cement blocks.  These cement blocks were then buried in on-site repositories (FMC, 1995).  
Atlantic Richfield Company (ARCO) conducted groundwater monitoring from 1992 
through 1995 on 16 to 25 wells. The total Cr concentrations in groundwater were below the 
maximum contaminant level (MCL) of 100 μg/L during the 1995 sampling, and the monitoring 
network was reduced to 12 wells. Monitoring continued from 1996 through 2003 on the 12 wells 
(ARCO, 2004). The monitoring results documented the natural attenuation of Cr in groundwater 
and indicate that under those existing conditions, the treated soil and blocks are leaching less 
chromium than before the removal action.  
The EPA and DEQ contracted the Montana Bureau of Mines and Geology to collect and 
analyze soil samples from areas within and surrounding the block area, in addition to locations 
down-gradient of the site. The MBMG conducted a soil sampling and groundwater sampling 
program in 2007 to evaluate the presence of Cr(VI) and quantify dissolved Cr in groundwater 
and block areas at the site. An additional focus of the sampling program was to estimate the 
likelihood of a Cr(VI) contaminated groundwater plume generated from the future degradation of 
the concrete blocks. Six additional groundwater monitoring wells (MO series) were installed as 
part of this work (Icopini and Duaime, 2012). The site was monitored annually by the MBMG 
from 2007 to 2015. 
The wells included in the annual groundwater monitoring network are outlined in Table I 
and present in Figure 3. This group of wells was selected to contain a representative background 
well (RMIS-1), block area wells, point of compliance (POC) wells, and down-gradient wells for 
control. Five of the network wells were equipped with Solinst gold-series transducers for long-
term monitoring of hourly data for fluctuations of water-level elevation.   
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Table I. Well designation, location, completion, sampling, monitoring and abandonment information for all 
wells, adapted from Icopini and Duaime, 2012. 
 
  
1.2. Purpose and Scope 
This thesis presents data collected between 06/29/2015 and 09/24/2015 at the Mouat Cr-
contaminated groundwater site in Columbus, Montana. The data shows current spatial conditions 
of Cr species at the site. From these data interpretations are made of the transport of Cr from a 
block-and-fill repository. The purpose of this research is to determine the timing of Cr(VI) 
transport to POC wells and other monitoring wells down-gradient of the repository, and to 
characterize the fate of Cr(VI) in groundwater.  
Existing monitoring wells and pressure transducers were used to observe variation in 
groundwater elevation.  Laboratory experiments were also conducted to quantify leaching 
Well Name GWIC 
ID
Casing Size 
and Type
Total 
Depth 
(ft)
Screen 
Interval (ft)
Sampling 
Interval
Sampling 
Date
Long‐term 
water‐level 
monitoring
Semi‐continuous 
water‐level 
monitoring for this 
study
Abandoned 
July 2015
MO‐01 236422 2‐in PVC 15.7 9‐14 x
RMIS‐1 129492 2‐in PVC 18.3 8‐18 Annual 2015 x x
MO‐09 236432 2‐in PVC 13 8‐13 Annual 2015
MO‐25 236442 2‐in PVC 13 8‐13 Annual 2015
MO‐26 236443 2‐in PVC 14 9‐14 Annual 2015 x x
RMIS‐2 129493 2‐in PVC 14.5 4.2‐14.2 Annual 2015 x x
W‐9 268492 2‐in PVC 9.6 N/A 2015 x
W‐10 267786 4‐in PVC 10.4 N/A 2015 x x
W‐1 267374 4‐in PVC 11.2 N/A x x
RMIS‐3 129494 2‐in PVC 17.5 7.8‐18.8 2015 x x
MO‐10 236438 2‐in PVC 10 5‐10 Annual 2015 x
MO‐11 236441 2‐in PVC 11 6‐11 Annual 2015
MIS‐15* 236502 2‐in PVC 25.6 9‐25.6 Annual 2015 x x
MIS‐16* 236503 2‐in PVC 26 5.5‐25.6 Annual 2015 x
RMIS‐4* 129495 2‐in PVC 15.6 5.3‐15.3 Annual 2015
MIS‐4B 267373 2‐in PVC 25.6 15.2‐25.2 x
RMIS‐5* 129496 2‐in PVC 14.9 4.6‐14.6 Annual 2015 x x
RMIS‐7 129498 2‐in PVC 18.8 8.5‐18.5 2015 x x
RMIS‐8 129499 2‐in PVC 17.9 7.6‐17.6 Annual 2015 x
RMIS‐8B 267783 2‐in PVC 17.1 17‐27 x
RMIS‐9 129500 2‐in PVC 16.5 6.5‐16.5 2015 x x
MIS‐11A 267782 2‐in PVC 18 7.4‐17.4 Annual 2015 x
MIS‐11B 267789 2‐in PVC 28 17.1‐27.1 Annual 2015
MIS‐12 267788 2‐in PVC 15.2 4‐14 2015 x x
MIS‐13 282024 2‐in PVC 14.7 4.7‐14.7 2015 x x
MIS‐14 267376 2‐in PVC 21.4 6.2‐16.2 Annual 2015 x
*Compliance well
Background
Block Area
Downgradient
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potential of Cr from the waste repository, and determine aquifer properties relating to adsorption. 
The leach tests indicate the availability of Cr from the repository, and the amount of Cr that will 
leach from soils that are exposed to weakly acidic soils. Soil and adsorption properties, combined 
with advection/dispersion simulated by the flow model, provide inference to the transport of 
Cr(VI). MODFLOW groundwater modeling software was used to determine the timing of solute 
transport by examining particle flow and the effect of chemical reactions of Cr in groundwater. 
1.3. Study Area 
Columbus is located in South Central Montana along Interstate-90, approximately 40 
miles west of Billings (Figure 1). The city is located on the northern floodplain of the 
Yellowstone River, downstream and east of the confluence with the Stillwater River. The Mouat 
Industrial site is located immediately Southeast of the residential district and north of the 
Stillwater County airport, within the city of Columbus, in the SW ¼ of the NW ¼ of Section 27, 
Township 2 South, Range 20 East. The study area is approximately 0.4 square miles, extending 
south from the railroad tracks near the fire department, to the Yellowstone River (Figure 3). The 
repository is approximately 0.6 miles north of the Yellowstone River. The study area is occupied 
by the City of Columbus Public Works Department (PWD) shop, Timberweld Manufacturing 
Company, the Stillwater County Airport, and the Stillwater Golf Course.  
7 
 
The topography of the site is generally flat-lying with a gentle southeast gradient. There 
is one curvilinear ancestral river terrace which trends east-southeast to south-southeast and is 
located south of the golf course club house. Landscaping activities at the golf course developed 
an existing ditch, parallel to the terrace. The ditch is thought to be an abandoned slough from an 
abandoned river channel and currently receives groundwater from a spring. Seasonal ponds and 
marshes develop at the toe of the river terrace, due to seasonal groundwater discharge (Figure 2). 
Several other man-made ditches and one pond exist on the golf course (Figure 3). The large 
pond, used for irrigation, is thought to be lined by a geo-synthetic liner and/or bentonite (Dustin 
Hamilton, personal communication). The Columbus Public Works Department (PWD) has a 
Figure 1. Location of Columbus and Mouat Industries site. 
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series of three waste water treatment lagoons immediately east of the southern end of the golf 
course. The golf course irrigation plan is designed to apply 1/10 inch (500,000 gallons) of water 
per day. The supply of irrigation is divided between the Yellowstone River and waste water from 
the Treatment lagoons. Water from these sources are mixed in a pond and discharged through the 
irrigation system during approximately April through September (Dustin Hamilton, Personal 
Communication).  
 
According to Vuke, 2007, the underlying and adjacent bedrock geology has been 
identified as the Cretaceous Hell Creek (Khc), Judith River (Kjr), and Bear Paw (Kb) 
Formations, which are locally overlain by Quaternary alluvium from the Yellowstone and 
Stillwater Rivers. The floodplain geology within the area of concern (AOC) is heterogeneous and 
has been described as two units; the upper Quaternary alluvium is composed of up to 11 feet of 
Figure 1. Seasonal marshes formed during spring conditions. Observed during May, 2015 visit
9 
fine-grained sand and clay; the lower Quaternary alluvium is composed of up to 25 feet of poorly 
sorted gravel, sand, and cobbles (Bertram, 1996).  
 The groundwater is thought to receive recharge from two sources; from precipitation in 
the form of snow melt or rain, and the Yellowstone River which has seasonal variation of flow 
between 2,000 to 40,000 cubic feet per second (cfs) during the monitoring period (USGS gauge 
06214500). Figure 4Figure shows the close relationship between wells MIS-12 & 13 and the 
Yellowstone River, suggesting good conductivity between the floodplain aquifer and the river. 
The groundwater table is present between 0 to 11 feet below ground surface in the generally 
unconfined upper and lower Quaternary alluvium aquifers. Fluctuations in groundwater elevation 
north of the terrace are closely related to precipitation events (Figure 5Figure). Precipitation as 
rain dominantly occurs in the spring, coincident with snowmelt, suggesting that greatest recharge 
occurs after snow melt, during spring storm events, and before the start of the growing season. 
There is a gentle groundwater gradient (approximately 0.003 ft/ft) to the southeast and the 
estimated median hydraulic conductivity is 0.075 ft/min (Bertram, 1996).   
10 
  Figure 2. Well and transducer locations at the Mouat site.
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Figure 4. Hydrograph showing comparison between monitoring wells MIS-12 and MIS-13 (right Y-axis) and 
the Yellowstone River (left Y-axis). 
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Figure 5. Hydrograph showing precipitation events and cumulative precipitation for Columbus, MT from  
www.usclimatedata.com 
 
1.4. Sorption 
Adsorption is the bonding of ions and molecules at the interface of a solid phase, such as 
a solute bonding on the surface of a clay particle. The solid surface on which sorption occurs is 
the sorbent, whereas the matter accumulated on the surface is the sorbate. Sorption of 
contaminants on soil is strongly dependent on pH and can be totally or partially reversible. If a 
change of geochemistry occurs and the process is reversed, contaminants may be desorbed and 
return to groundwater (EPA, 1999). Sorption-desorption and other chemical processes may have 
a strong influence on contaminant transport, and often have a greater impact on the distribution 
of solutes than hydrodynamic dispersion. Sorption of Cr(VI) is strongly dependent on water 
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chemistry, particularly concentrations of competing ions, and pH (Kent et. al.,1995). 
Experimental data and data simulated by a surface complexation model suggest that sorption of 
Cr(VI) decreases with increasing pH in natural and artificial pristine groundwater and Cape Cod 
aquifer solids (Kent et. al., 1995). Karthikeyan et. al. (2005) reported that with sawdust activated 
carbon and high concentrations (200mg/) of Cr(VI), maximum sorption occurred at pH 2, and 
decreased with increasing pH. Dakiky et al. (2002) and Bhattacharya et al. (2008) found that 
removal of Cr(VI) by sorption onto many low-cost sorbents also occurs greatest at pH 2-3 and 
decreased with increasing pH. This is consistent with the conceptual model that suggests low pH 
leads to an abundance of hydrogen ions (H+) on the surface sites resulting in a strong affinity for 
electrostatic attraction with the HCrO4- ions. The pH affects several mechanisms relating to 
sorption of metals, and generally the sorption of Cr(VI) anions is greatest a low pH, however in 
the presence of organic matter, the generalized relationship of pH and sorption may not be 
consistent.  
1.5. Natural Attenuation 
A possible reason for the decrease in aqueous Cr(VI) is the potential for reduction of 
Cr(VI) to Cr(III) in the presence of electron donors; such as ferrous (Fe(II)) bearing minerals or 
aqueous species, and soil organic matter. Blowes et al. (2000) reported that reduction of Cr(VI) 
to Cr(III) occurs rapidly under acidic conditions by the following reaction, 
 ܥݎሺܸܫሻ௔௤ ൅ 3ܨ݁ሺܫܫሻ௔௤ → ܥݎሺܫܫܫሻ௔௤ ൅ 3ܨ݁ሺܫܫܫሻ௔௤ (1)
where sources of  Fe(II) can be either aqueous solutions or minerals. If present, the dissolved 
reductants exist in the resident groundwater, and through molecular diffusion the reduction 
occurs at the interface between the contaminant plume and resident groundwater. Therefore the 
interaction between the contaminant plume and resident groundwater is minor, causing the 
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interaction between the contaminant plume and the aquifer media to be most critical (Palmer and 
Puls, 1994).  
Soil organic matter, such as organic carbon, is an important electron donor in the 
reduction of Cr(VI), however Hug et al. (1997) reported that reduction of Cr(VI) by dissolved 
organic compounds at pH values from 4-8 is a slow process, occurring on a time scale of days at 
micromolar and up to months at nanomolar Cr(VI) concentrations. Palmer and Puls (1994) 
reported that dichromate can react with soil organic carbon (humic acid) to produce Cr(III) by 
the following reaction, 
 2ܥݎଶܱ଻ଶି ൅	3ܥ௢ ൅ 16ܪା → 4ܥݎଷା ൅ 3ܥܱଶ ൅ 8ܪଶܱ (2)
 
 The rate of reduction is optimal at low pH (Figure 6), decreases with increasing pH, 
increases with initial Cr(VI) concentration, and increases with greater concentration of soil 
organic matter.  
 Figure 6. Reduction of Cr(VI) by soil humic acid at pH 3 and 5, from 
Palmer and Puls, 1994
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2. Methods 
2.1. Survey 
All wells were surveyed with a handheld Trimble Geo7X GPS unit equipped with a two-
meter range pole, zephyr 2 geodetic antenna, and tripod (Figure 7). All data collected by the GPS 
unit were differentially corrected to sub 10 cm-scale horizontal and vertical accuracy using 
Trimble TerraSync software and the nearby UNAVCO Fishtail base station (Table II).  
 
 
Measuring point elevations were measured at each well and multiple locations at the river 
edge of the Yellowstone River. These elevation data were collected on the same day in order to 
maintain consistency with the groundwater survey. The Yellowstone River edge elevation data 
were used for groundwater flow modeling, discussed in section 4.2 
Figure 7. Trimble survey equipment surveying RMIS-3 measuring point elevation. 
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Table II. Measuring point elevations for Mouat monitoring wells. 
 
2.2. Groundwater Monitoring and Sampling 
Water-level Monitoring 
Solinst Edge levelogger transducers were installed in monitoring wells for semi-
continuous monitoring of water levels in 13 wells during the first visit in January, 2015. A 
stilling well, SW-01, was installed in the golf course ditch (Figure 8), and two additional 
NAME GWIC_ID
MP Elevation (ft) 
WGS 84
MO‐01 236422 3577.615
RMIS‐1 129492 3578.179
MO‐09 236432 3577.664
MO‐25 236442 3578.438
MO‐26 236443 3578.809
RMIS‐2 129493 3577.188
W‐9 268492 3572.428
W‐10 267786 3575.190
W‐1 267374 3576.312
RMIS‐3 129494 3574.436
MO‐10 236438 3572.854
MO‐11 236441 3571.933
MIS‐15 236502 3572.431
MIS‐16 236503 3571.726
RMIS‐4 129495 3572.169
MIS‐4B 267373 3571.978
RMIS‐5 129496 3571.457
RMIS‐7 129498 3573.278
RMIS‐8 129499 3571.135
RMIS‐8B 267783 3571.362
RMIS‐9 129500 3569.081
MIS‐11A 267782 3572.717
MIS‐11B 267789 3572.713
MIS‐12 267788 3564.144
MIS‐13 282024 3563.445
MIS‐14 267376 3567.786
SW‐01 3563.012
Background
Block Area
Downgradient
17 
leveloggers were installed in wells MIS-13 and RMIS-9 in March, 2015 (Figure 9). The 
leveloggers record total pressure (barometric and water column pressure) and were programmed 
to record on 1-hour intervals. A Solinst Gold Barologger Transducer, installed with a telemetry 
station at RMIS-2 in 2010 (not as part of this study), was used to record barometric pressure on 
1-hour intervals. The barologger was used for compensating changes in water-level caused by 
fluctuation of barometric pressure. The Edge leveloggers replaced four of the previously existing 
Gold leveloggers at M0-26, MIS-15, RMIS-1, and RMIS-5. The transducers with the RMIS-2 
Telemetry station were not changed for this study. A total of 17 wells, including one stilling 
well, recorded hourly data for water-levels throughout the site between January 7th and July 21st, 
2015.  
 
 
 
 
  
Figure 8. Stilling well SW-01 located in the golf course ditch. 
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  Figure 9. Mouat monitoring well locations identified by presence of transducers transducers
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Groundwater Sampling and Analysis 
 Groundwater monitoring and water quality sampling has been conducted by the MBMG 
since 2007 for the purpose of investigating the potential of Cr(VI) to leach from the repository area. 
The groundwater sampling plan for this study includes collection of groundwater samples for 
chemical analysis from select wells approximately three weeks after the first major recharge event. 
This study was consistent with the yearly sampling plan and procedure as defined in the MBMG 
Mouat Superfund Site Sampling and Analysis Plan (SAP) and Standard Operating Procedures (SOP). 
Groundwater samples were collected in early July, and in mid-September, 2015. The 
September sampling was a result of Cr in well MO-26 exceeding the trigger value (300μg/L) during 
the July 2015 sampling. Samples were collected using a 12V PVC submersible pump, peristaltic 
pump, or Teflon bailer. Field parameters (Temperature, pH, Specific Conductivity(SC), Oxidation 
Reduction Potential (ORP), and Dissolved Oxygen (DO)) were monitored using a Hydrolab MS5 
Mini Sonde, surveyor with a flow-through cell. The prescribed sampling sequence began with the 
wells containing the lowest historical Cr concentration and progressing to wells with increasing Cr 
concentration for successive sampling. In general, the background well, RMIS-1, was sampled 
initially, followed by the down gradient wells on the golf course, the airport wells and lastly, the 
repository wells. Prior to sample collection, each well was purged according to the SOP. Purging 
requires pumping a minimum of three well-bore volumes at a uniform rate until field parameters 
stabilize. The following requirements for stable field parameters are for a minimum of three 
consecutive 5-minute interval readings over a 15 minute period: Temperature ≤+/- 2°C; pH ≤ +/- 0.1; 
ORP ≤ +/- 20mV; SC ≤ +/- 5%. When purging low-yield wells, a peristaltic pump or bailer was used; 
the procedure for a peristaltic pump was the same as above, however when using a bailer to purge a 
well, three well-bore volumes were evacuated after allowing the well to partially recover in between 
bailing. When using a bailer, the field parameters were collected in the Hydrolab’s storage cup. After 
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purging with a 12V submersible pump or peristaltic pump, water samples were collected directly 
from the discharge hose at an appropriate flow rate to minimize aeration. For wells sampled with a 
bailer, the water was transferred to a clean bucket and filtered using a peristaltic pump. The samples 
were filtered using a 0.45μm Geotech dispos-a-filter with acrylic copolymer membrane filter. 
Samples were collected in a triple-rinsed polyethylene bottle, and samples for metals analysis were 
preserved with nitric acid to pH 2. Samples were labeled with the well name, date, preservative, 
sample type, and sampler’s initials and stored in a cooler with ice until transferred to the MBMG 
laboratory. In between wells, the sampling equipment was decontaminated to avoid cross 
contamination and preserve sample integrity.  
Decontamination procedures are as follows: washing with phosphate-free Alconox detergent, 
complete rinse with tap water, complete rinse with 10% nitric acid, and a final rinse with deionized 
(DI) water. To ensure consistent data, field duplicate samples were collected at RMIS-1and MO-25, 
as well as equipment blanks. Equipment blanks were collected for each of the pump types 
(submersible and peristaltic) after decontamination by passing DI water through the sampling system. 
The equipment blanks are used to evaluate the artificial introduction of contaminants during the 
sampling procedure.  
For routine monitoring of the Mouat site, groundwater samples are analyzed for total 
dissolved and total recoverable Cr. For this study, a full suite of Inductively Coupled Plasma-Mass 
Spectroscopy (ICP-MS) trace metal and Ion Chromatography (IC) analysis were conducted. Analysis 
for total Cr followed EPA method 200.7/200.8 and analysis for dissolved Cr followed EPA method 
6010/6020. Aqueous CrO4 concentrations were also determined at each well during the time of 
sampling by using CHEMetrics Chromate Vacu-vials test kits and a handheld V-2000 photometer. 
To quantify CrO4 concentrations, 20mL of filtered sample was collected and preserved with the 
supplied acidifier solution, then stirred with an ampoule containing a diphenylcarbazide solution in a 
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vacuum. The preserved sample and diphenylcarbazide were mixed by breaking the tip of the ampoule 
when submerged in the solution. The ampoule was then inverted several times to ensure mixing, 
dried, and inserted into the photometer for CrO4 quantification. 
Dissolved Organic Carbon (DOC) 
The concentration of DOC in groundwater was investigated to provide understanding of 
the potential for natural attenuation of Cr(VI), described later in this chapter. Samples for DOC 
analysis were collected during the July, 2015 sampling event. To prepare the DOC samples, the 
groundwater was passed through a QED 0.45μm polyethersulfone filter into a glass sample vial 
and preserved with phosphoric acid (H3PO4) to pH 2. The samples were analyzed by the MBMG 
analytical lab using an O-I Analytical Aurora 1030C TOC analyzer, following EPA Method 
415.3, to quantify the amount of non-purgeable organic carbon (NPOC).  
Hexavalent Chromium 
The diphenylcarbazide vacu-vial colorimetric kit (K-2803) from CHEMetrics was used 
for determining Cr(VI) at the well during each sampling event. Cr(VI) reacts with 
diphenylcarbazide under acidic conditions to produce a red-violet colored complex solution. The 
color’s wavelength is correlative to the Cr(VI) concentration. The concentration of hexavalent 
chromium is expressed in ppm Chromate (CrO4) (CHEMetrics datasheet). The vacu-vial kit has a 
reported range of 0-3.50ppm CrO4. The concentration of Cr(VI) was obtained by can be 
calculated by dividing by the stoichiometric atomic mass of oxygen. Accuracy for the CrO4 
concentration, indicated by technical data sheet, are +/- 10% error at 2.63 ppm, +/- 20% error at 
0.88 ppm, and +/- 30% at 0.20 ppm. The CrO4 concentrations in groundwater at the Mouat site 
are near the lower end of the photometric range, and therefore significant error was observed (+/-
20 to 30%).     
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2.3. Soil Sampling 
Subsurface sediments were collected at the site for use with laboratory batch tests, and 
leach tests. Four sites were selected based on their geographic location with respect to the 
repository; the repository fill, the airport, and the east and west side of the golf course near MIS-
14 and MIS-12, respectively (Figure 11). On September 25, 2015, soils were collected by a hand 
auger at three to five feet deep. The location and depths of the samples were controlled by the 
lenses of coarse gravel material, which limited the auger penetration. The soils were collected in 
Ziploc bags and plastic soil core liners. The soils were returned to the MBMG labs and frozen 
until processing.  
A bulk sample of the repository block material, collected during previous studies, was 
acquired from the Montana DEQ to quantify the leachable Cr from the block material. The block 
material is tan-buff, fine-grained, and friable. A photo of the block material is presented in 
Figure 10. The block material was crushed with a hammer and fine, < ¼” (MBF), and coarse-
grained, ¼” to ½” (MBC) fractions were used for the method.  
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 Figure 10. Piece of Mouat repository block material (approximately 4 inches) 
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Figure 11. Locations where soil samples were collected in September, 2015. 
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2.4. Synthetic Precipitation Leaching Procedure 
The U.S. EPA designed the Synthetic Precipitation Leaching Procedure (Method 1312, 
SPLP) to characterize the ability for organic and inorganic contaminants to leach from a medium 
under acidic conditions simulating naturally acidic rain. This method was used to characterize 
and quantify the amount of leachable Cr from selected soils and repository material at the Mouat 
site.  
The six samples (four soils and two repository block material) collected from the Mouat 
site for this study are essentially all solids, with minor soil moisture. The samples were passed 
through a sample splitter, then a standard 9.5mm sieve (no size reduction was required on soils) 
to homogenize the soil matrix, and the visible organic material, assumed to be contamination 
from the soil boring procedure, was removed. An approximately 20 gram aliquot sample was 
selected, weighed, dried, and weighed again. The moist and dry soil weights were used to 
calculated the wet (wm) and dry (wd) gravimetric soil water concentrations, and then the dry 
weight equivalent of the moist soil was determined by the following equations (EPA, 1994). 
 ݓௗ ൌ ݉݋݅ݏݐ ݏ݋݈݅ ݓݐ െ ݀ݎݕ ݏ݋݈݅ ݓݐ݀ݎݕ ݏ݋݈݅ ݓݐ  (3)
 ݓ௠ ൌ ݉݋݅ݏݐ ݏ݋݈݅ ݓݐ െ ݀ݎݕ ݏ݋݈݅ ݓݐ݉݋݅ݏݐ ݏ݋݈݅ ݓݐ  (4)
 ݉ܽݏݏ	݋݂ ݉݋݅ݏݐ ݏ݋݈݅ ൌ ݀ݎݕ ݏ݋݈݅ ݓݐ1 െ ݓ௠ , ݋ݎ (5)
 ݉ܽݏݏ	݋݂	݉݋݅ݏݐ ݏ݋݈݅ ൌ ݀ݎݕ ݏ݋݈݅ ݓݐ ∗ ሺ1 ൅ ݓௗሻ (6)
 
For this study, a 20:1 extraction fluid to soil ratio was followed by using 400 ml of extraction 
fluid to 20 grams of dry soil equivalent. The extraction fluid was created by a dilution of 60/40 
wt% mixture of sulfuric/nitric acid solution and DI water to a pH of 5.0. The soil was then added 
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to the extraction fluid in a 500ml Nalgene extraction vessel. The six extraction vessels were 
placed in a rotary agitator for 18 hours. Upon completion of the 18-hour extraction, the 
extraction fluid was filtered using a 0.45μm filter and peristaltic pump. A 250ml sample from 
each vessel was acidified with concentrated nitric acid and submitted to the MBMG lab for 
dissolved Cr analysis. Speciation of Cr was conducted at the time of sampling using CHEMetrics 
vacu-vials.  
2.5. Sorption Batch Experiments 
Sorption studies were conducted by the batch technique using de-ionized water and soil 
collected from the Mouat site. These experiments were conducted to determine the distribution 
factor, or partition coefficient, (Kd) to quantify retardation of Cr transport. The Kd value, defined 
as the amount of adsorbate adsorbed per equilibrium concentration of adsorbate remaining in 
solution, is a measure of adsorption and is expressed by the following equation (EPA, 1999): 
 ܭௗ ൌ ܣ௜ܥ௘ 
(7)
 
Where; 
 Kd is in units of ml/g, 
 Ai  is the amount of adsorbate on the solid at equilibrium (μg/g), and 
 Ce  is the equilibrium concentration of total dissolved adsorbate (μg/ml) 
Retardation (Rf) is defined as the ratio of the velocity of groundwater to the velocity of 
contaminant through a control volume, expressed as the following equation (EPA, 1999): 
 
௙ܴ ൌ ௚ܸ௪௖ܸ  
(8)
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Where; 
 Vgw is the velocity of groundwater, and 
 Vc is the velocity of contaminant 
With knowledge of aquifer material properties, Rf can also be expressed as (EPA, 1999): 
  ௙ܴ ൌ 1 ൅ ఘ್௡೐ ∗ ܭௗ (9)
 
 Where; 
  Ρb is the bulk density of the aquifer material (mass/length3), and 
  ne is the effective porosity 
The Rf can be used to determine the velocity of Cr(VI) by rearranging equation 8, and solving for 
Vc. The Rf  is used in a mass transport model (MT3D) with MODFLOW to simulate chemical 
retardation.  
The Laboratory Batch Method (EPA, 1999) was used to determine adsorption of Cr(VI) 
onto native soils, and a representative Kd value was determined. Four soils were analyzed for 
their adsorptive properties using five Cr(VI) solutions. The soils for each site were prepared by 
reducing to a 200 gram subsample using a riffle-type sample splitter (Figure 12), passed through 
a No. 8 sieve to homogenize the matrix. A 10 gram aliquot sample of homogenized soil was 
mixed with 200mL of Cr(VI) solution for each batch experiment. The concentrations for five 
Cr(VI) solutions were designed to represent the observed groundwater Cr concentrations, and be 
within detection limits for the 1,5 diphenylcarbazide method.  
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 Pilot Studies 
The appropriate concentrations, soil to solution ratio, and time required to reach 
equilibrium were determined by pilot studies conducted with 100 μg/L Cr(VI), and 10 and 20 
grams of soil. The flasks containing a mixture of the soils and solutions were vented and shaken 
at a constant rate for 24 hours to monitor adsorption equilibrium. To confirm the quality of 
results and to verify the assumptions, the pilot studies were continued for 72 hours. It was 
assumed that the rate of shaking, volume of solution, and ratio of solution to soil was appropriate 
for allowing all the surface area to be available for adsorption of Cr(VI) ions. Similar 
assumptions were made in a study on metal adsorption onto Teff straw (Desta, 2013). The 
experiments were conducted with a Burrell Model 75 Wrist Action Shaker at room temperature 
(Figure 13). pH was maintained at 7-7.5 by using sodium hydroxide (NaOH) and hydrochloric 
acid (HCl) solutions to simulate observed conditions at the site.  
Figure 12. Riffle-type sample splitter used for homogenizing the soil samples. 
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The pilot study revealed that the equilibrium solution concentration (Ce) remained the 
same as the initial concentration (Ci), suggesting zero or negligible sorption nor reduction of 
Cr(III) to Cr(VI) after 24 hours. The extractions were collected and the absorption was measured 
every 24 hours for the 72 hour duration. The pH remained in the desired range for the duration of 
the study. Varying the Ci and soil to solution ratio did not affect the results. 
 
 
Cr(VI) Quantification 
Due to the error observed with the Chemetrics Vacu-Vial method, the concentration of 
Cr(VI) for sorption batch tests was determined by a modified 1,5 Diphenylcarbizide method 
(EPA Method 7196A). Each method uses Diphenylcarbazide, however Method 7196A provide 
greater control on calibration and accuracy. Method 7196A was modified by a 90% volume 
reduction of extract solution, simulating an alternative method generated by the United States 
Geological Survey (USGS, 1989). Rather than preparing a Cr(VI) stock solution, a 50mg/L 
Figure 13. Burrell Wrist Action Shaker used for sorption batch experiments. 
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potassium dichromate (K2Cr2O7) standard solution from Hach was used. The Cr standard 
solution had been in storage for approximately 7 years, so a duplicate analysis of the standard 
was conducted using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). 
The Hach standard was determined to be 58.4mg/L Cr(VI), indicating evaporation had occurred. 
The diphenylcarbazide solution was created by dissolving 250mg of 1,5-diphenylcarbazide in 
50mL of reagent grade acetone and stored in a foil-wrapped bottle to limit light penetration. 
1.2M sulfuric acid, used to preserve the extracts, was developed by diluting 438μL of 17.822M 
analytical-grade sulfuric acid to 100mL. 
Five Cr(VI) standard solutions were created at 0.05, 0.1, 0.5, 1, 1.5 mg/L by diluting an 
appropriate amount of 58.4mg/L stock solution into 200mL of deionized (DI) water using a 
100mL volumetric flask. From each of the standards, 9.5mL were extracted using a 6ml 
disposable Luer Lock syringe and filtered through a 0.20μm filter to a graduated cylinder, 
preserved with 300μL of sulfuric acid to a pH of 2, then 200μL of 1,5 diphenylcarbazide was 
added and the solution was mixed and set aside for 10 minutes to allow for color generation. An 
appropriate amount of the prepared solutions were transferred to a 1cm cylindrical absorption 
cell and the absorbance was measured at 540nm using a Hach DR 4000 spectrophotometer 
(Table IV, section 3.3) and the calibration curve in Figure 14 was prepared from that data. 
Calibration curves were generated for each of the three batch tests since solutions were prepared 
in 200ml volumes for each test. 10ml of solution were extracted prior to mixing with soil and 
absorbance was measured. 
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The equation of the linear regression line (eqn. 8) was used to calculate equilibrium 
concentrations of Cr(VI) by measuring the absorption of the extracted batch test solutions 
(FigureFigure 14).   
 ݕ ൌ 0.9072ݔ െ 0.0255 ሺܴଶ ൌ 0.9994ሻ (10)
The concentration of Cr absorbed (Ai) is calculated as: 
 ܣ௜ ൌ ௪ܸሺܥ௘ െ ܥ௜ሻܯ௦  
(11)
Where;  
 Vw is the volume of solution added to beaker (ml) 
Figure 14. Calibration curves for quantifying Cr(VI) concentration in sorption batch tests. 
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 Ci is the initial concentration of Cr(VI) 
 Ce is the equilibrium concentration of Cr(VI) after adsorption 
 Ms is the mass of the sediment added to the beaker (g) 
The Kd value can then be determined by equation 3 or the following: 
 ܭௗ ൌ ௪ܸሺܥ௜ െ ܥ௘ሻܯ௦ܥ௜  
(12)
 Final Experiment 
 The final sorption experiment was conducted in the similar manner as the initial pilot 
studies; 10g aliquot of soil, and 200ml of Cr(VI) solution, shaken at a constant rate for 24 hours, 
and maintaining a pH between 7 to 7.5. At the end of the 24 hour time period, the soil was 
allowed to settle. Samples were extracted from each vessel using a 6ml syringe and filter and 
were analyzed using the diphenylcarbazide method described above. 
2.6. Soil Organic Carbon 
 Aliquot samples from each of the three soil collection sites were dried at 60°F for 24 
hours, mortared, and 150mg subsamples were weighed for total carbon analysis at the 
Environmental Analytical Laboratory at Montana State University. The samples were wetted and 
subjected to concentrated HCl for a 12 hour acid treatment. The HCl reacts with inorganic 
carbon (CaCO3) to form and expel CO2. After treatment, the sample was dried using sodium 
hydroxide desiccant, encapsulated in silver, and then in tin prior to analysis on the Costech 4010 
Elemental Analyzer.  The Costech combustion analyzer heats the sample to a combustion 
temperature of 980°C, converting all carbon containing species to CO2 and Nitrogen species to 
N2.  The combustion gases are separated by gas chromatography and analyzed using a thermal 
conductivity detector (Jane Klassen, personal communication). 
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3. Results 
3.1. Groundwater Monitoring and Sampling 
The observations of the 2015 and previous field investigations provide useful information 
for the development of a conceptual model, and the results from the 2015 field activities provide 
data for input in to the numerical model, and model calibration.   
3.1.1. Water-level Monitoring 
The hydrographs for the 16 monitoring wells with leveloggers are presented in Figure 
15Figure and Figure 16Figure. Data from the entire monitoring period from May 2008 to 
September 2015 are presented to reference for 2015 recharge in relationship to previous water 
years (Figure 15). The hydrographs for 16 wells during the 2015 recharge period are presented in 
Figure 16. The hydrograph shows a sharp increase in water-level elevations as a result of a three-
day storm event (05/16-05/18), indicating a quick response to infiltration, shown by the steep 
climbing limb of the hydrographs (Figure 16Figure). The continued gradual rise in groundwater 
elevation and numerous small jumps are explained by various storm events during the recharge 
period. The peaks in the groundwater hydrographs are contemporaneous, as expected, with the 
peak flow in the Yellowstone River, occurring in mid-June, 2015. Net changes in water table rise 
are approximately 0.7-2.0 feet over the recharge period with 90% of the rise occurring in the first 
4 days. The hydrographs show a gradual falling limb as groundwater approaches background 
levels in late September. The repository wells, RMIS-2, MO-26, and W-10 have a similar 
response to early infiltration. RMIS-2 and MO-26 have similar total depth and are in close 
proximity, though their screened intervals differ, and W-10 is a shallow and low-yielding well 
(Table ITable I).   
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 Figure 15. Groundwater hydrographs for Mouat monitoring wells, including historical data. 
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 Figure 16. Groundwater hydrographs for monitoring wells showing spring recharge.
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3.1.2. Groundwater Sampling and Analysis 
Water quality data were plotted on Piper and Stiff diagrams to illustrate and qualitatively 
describe the composition. The Piper diagram indicates that groundwater is a sodium-sulfate to 
sodium-bicarbonate water type (Figure 17). Figure 18 shows the distribution of water types 
shown by Stiff diagrams. The variation in the sulfate to bicarbonate water type can be described 
by the distribution of Stiff diagrams; the background (RMIS-1 & MO-01) water type is 
characterized as sodium-bicarbonate, and the repository seems to add the sulfate source. 
Repository wells MO-11 and MO-09 are much higher in sulfate than the surrounding wells 
(>80% sulfate). The down gradient wells appear to respond to the input of sulfate from the 
repository and have a near equivalency of sulfate and bicarbonate component.  
 
  
 
Calcium(Ca) Chloride(Cl) 
100 80 60 40 20 0 0 20 40 60 80 100
Figure 17. Piper diagram showing the composition of groundwater 
and end members. Dotted line and cross-hairs
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Figure 18. Stiff diagrams showing the composition and distribution of water types throughout the site.
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The stable field parameters and Cr values in groundwater are displayed in Table III. The 
pH of the groundwater is dominantly near neutral and occasionally slightly alkaline (pH ranging 
6.81 to 7.39), especially proximal to the repository, namely MO-09 (pH up to 9.04). The 
groundwater in the repository was expected to have a higher pH due to the interaction with the 
block material. SC values range from approximately 1,400 to nearly 5,000 μS/cm during the 
July, 2015 sampling event. It is possible that the repository does contribute dissolved solids 
because the background wells, wells peripheral to the repository (RMIS-3 & W-9), and down-
gradient well MIS-12 have  relatively low SC. However, repository wells MO-26 and RMIS-2 
have similarly low SC values. The effect of the repository material to water chemistry is 
controlled by the time of interaction with groundwater and the saturation indices of the available 
solutes.  
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Well Name GWIC ID Date Temp (°C)
Field 
pH
Field SC 
(μS/cm)
ORP 
(mV)
DO 
(mg/L)
Dis. Cr 
(ug/l)
TR Cr 
(ug/l) Cr(VI) (ug/l)
RMIS-1 129492 07/02/15 11.49 7.18 1898 309 - 1.42 2.25 below range
RMIS-1 DUP 129492 07/02/15 11.49 7.18 1898 309 - 1.61 2.39
W-9 268492 07/02/15 13.52 7.25 1392 299 5.52 4.11 4.68 below range
W-10 267786 07/02/15 15.08 7.36 2305 240 - 5.06 14.27 below range
MO-09 236432 07/02/15 18.25 9.04 2669 263 - 3.16 13.97 below range
MO-09 236432 09/24/15 16.41 8.76 2607 357 - 1.660 J 34.07 NA
MO-26 236443 07/02/15 11.64 7.39 1497 410 4.48 8.61 10.14 below range
MO-26 236443 09/24/15 13 7.21 1242 396 - 6.15 8.77 25.9
RMIS-2 129493 07/02/15 11.66 7.26 1729 430 3.1 34.67 34.81 7.2
RMIS-2 129493 09/24/15 13.78 7.17 1582 397 - 21.42 24.43 87.7
MO-25 236442 07/02/15 11.97 7.45 2318 382 3.39 369.96 367.84 460
MO-25 236442 09/24/15 14.09 7.5 2054 407 - 256.8 265.88 364.6
MO-25 DUP 236442 07/02/15 11.97 7.45 2318 382 3.39 368.55 422.6 464.4
MO-25 DUP 236442 09/24/15 14.09 7.5 2054 407 - 275.13 290.8 339.2
RMIS-3 129494 07/02/15 11.79 6.95 1460 386 0.85 5.89 6.87 below range
MIS-15 236502 07/02/15 12.17 7.05 2222 384 0.21 9.77 11.83 64.5
MIS-15 236502 09/24/15 14.5 6.92 2331 485 - 8.1 9.18 22.6
MO-10 236438 07/02/15 13.99 7.17 2242 423 - 54.99 53.12 82.7
MO-10 236438 09/24/15 15.5 7.2 2368 462 - 22.98 23.73 56.8
MO-11 236441 07/02/15 16.69 7.42 4975 397 8.07 <1.000 U 19.91 below range
MO-11 236441 09/24/15 15.81 7.36 3823 422 - 2.550 J 2.920 J below range
RMIS-4 129495 07/02/15 12.73 7.06 2293 402 - 11.97 11.75 6.6
RMIS-4 129495 09/24/15 14.87 7.09 2367 488 - 12.33 15.45 31.4
MIS-16 236503 07/02/15 11.5 7.03 2187 507 - 7.14 7.52 19.3
MIS-16 236503 09/24/15 12.49 6.99 1983 455 - 11.6 12.86 7.2
RMIS-5 129496 07/02/15 11.49 7.01 2172 477 - 25.18 24.14 12.1
RMIS-5 129496 09/24/15 12.09 6.9 2253 202 - 24.63 25.49 14.3
RMIS-7 129498 07/02/15 10.8 6.81 1793 357 13.67 3.63 4.52 below range
MIS-11A 267782 07/02/15 11.45 6.83 2150 385 - 30.83 29.99 below range
MIS-11A 267782 09/24/15 14.2 7.04 2309 443 - 33.77 38.1 10.48
MIS-11B 267789 07/02/15 10.71 6.91 2178 191 - 25.2 24.25 22.1
MIS-11B 267789 09/24/15 12.09 6.9 2253 202 - 25.69 28.97 2.2
RMIS-8 129499 07/02/15 11.28 6.96 2171 379 2.7 20.41 18.39 below range
RMIS-8 129499 09/24/15 14.2 7.03 2239 439 - 20.55 22.69 6.1
RMIS-9 129500 07/02/15 11.77 7.07 2365 387 0.36 4.55 5.43 below range
MIS-14 267376 07/02/15 10.31 7.04 2357 407 0.4 10.4 10.32 below range
MIS-14 267376 09/24/15 12.51 6.87 2417 441 - 7.34 8.1 0
MIS-12 267788 07/02/15 9.34 6.96 1857 301 - <0.250 U 2.36 below range
MIS-13 282024 07/02/15 10.04 7.1 2710 384 2.58 9.44 8.57 below range
Peristaltic Blank 274659 07/02/15 <0.100 0.74
Peristaltic Blank 274659 09/24/15 <0.100 1.21
Tsunami Blank 274659 07/02/15 0.76
Tsunami Blank 274659 09/24/15 <0.100 1.01
Blanks
J ‐ estimated concentration; U ‐ concentration below detection limit; DUP ‐ duplicate
Background Wells
Block Area Wells
Downgradient Wells
Table III. Stable field parameters for water quality samples collected in July and September, 2015
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3.1.2.1. Dissolved Organic Carbon 
DOC results are presented in Appendix A, and plotted against Cr in Figure 19 below. 
There does not seem to be a correlation between DOC and Cr at this site, suggesting that at the 
concentrations present in groundwater, organic-Cr complexes are not a primary factor 
contributing to the transport of Cr. Icopini and Long (2002) reported that, for Cr >30μg/L, there 
was a slight correlation between DOC and Cr in an organic-rich wetland area, and Cr was 
behaving as anionic Cr(III)-DOC complexes in slightly acidic pore water and surface water at 
concentrations up to > 400μg/L.   
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Figure 19. DOC vs. Dissolved Cr concentrations in groundwater. 
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3.1.2.2. Hexavalent Chromium 
Due to the reported error associated with lower limits of the quantification for the vacu-
vial kits (section 2.2), and the inaccuracy compared to ICP results, the results from the vacu-vial 
method are treated as purely qualitative data, indicating the relative presence of Cr(VI). The 
source of the error is unknown, however many interferences are possible. The reported 
interferences are permanganate, which will oxidize Cr(III) to Cr(VI), overestimating the Cr(VI) 
concentration, and ferrous iron (Fe2+), which will reduce Cr(VI) to Cr(III), underestimating the 
Cr(VI) concentration (CHEMetrics Vacu-vial TDS). Although the tendency for interferences is 
usually low, the likelihood increases when the Cr concentration is low. Molybdenum, mercury, 
and vanadium are also known interferences, however high concentration of each can be tolerated 
without strong interference (Method 7196A). High concentrations of these metals are not 
observed in groundwater at the Mouat site.  
The standard colorimetric method for determining Cr(VI) in toxicity characteristic 
leaching procedure (TCLP) extracts and groundwater is the EPA Method 7196A. This method 
was used to determine Cr(VI) concentrations in sorption batch experiments because of the 
required accuracy for the experiments. Interferences are still present, however the use of 
spectrophotometer for light absorbance and a calibration curve increase the accuracy of 
measurement.  
3.2. Synthetic Precipitation Leaching Procedure 
The extractions from the SPLP were analyzed by the MBMG analytical lab using ICP-
MS for total dissolved Cr. The results for Cr are similar to expected values considering proximity 
to the repository and groundwater concentrations. The results are compared to water quality data 
from 2015 sampling events.  
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3.2.1. Station 1 
ICP-MS analysis of the extraction from soils at station 1, near MIS-14 (Figure 11), 
estimated (below the reporting limit) dissolved Cr concentration to be 0.340 μg/L. The vacu-vial 
method reported 0.00 ppm of CrO4. These results indicate that negligible Cr is leachable from 
the soils at station 1 under conditions simulating acid rain, suggesting that natural conditions do 
not promote the migration of Cr from soils. The Cr concentration in groundwater at MIS-14, 
during the September, 2015 sampling event was 7.34 and 8.1μg/L for dissolved and total 
recoverable Cr, respectively. The vacu-vial method indicated zero CrO4, suggesting that the Cr in 
groundwater at MIS-14 is Cr(III).  
3.2.2. Station 2 
ICP-MS analysis of the extraction from soils at station 2, north of MIS-12 on the West 
side of the golf course (Figure 11), reported dissolved Cr concentration to be 2.3 μg/L. The vacu-
vial method reported 0.393 ppm CrO4 or 176 μg/L of Cr(VI) for the same sample. This value for 
Cr(VI) is highly inaccurate compared to the ICP results, and is likely due to interferences with 
the method; a red-violet colored solution was not observed. The possible interferences were not 
studied in detail, but are speculated to be due to fertilization of the golf course. Cr concentration 
in groundwater at MIS-12 during the June, 2015 sampling was under the detection limit for 
dissolved and 2.36μg/L for total recoverable Cr. The vacu-vial method indicated zero CrO4, 
suggesting that the Cr in groundwater at MIS-12 is Cr(III).  
3.2.3. Station 3 
ICP-MS analysis of the extraction from soils at station 3, near RMIS-7, reported 
dissolved Cr concentration to be 2.7 μg/L. The vacu-vial method reported 0.109 ppm CrO4 or 49 
μg/L of Cr(VI). The low concentration of Cr in the extraction is likely the reason for such large 
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error by the vacu-vial method, however the vacu-vials do suggest a presence of Cr(VI) in the 
sample. Cr concentration in groundwater at RMIS-7, during the June, 2015 sampling event was 
3.63 and 4.52 μg/L for the dissolved and total recoverable Cr, respectively. The vacu-vial 
method indicated zero CrO4, suggesting the Cr in groundwater at RMIS-7 is Cr(III). The SPLP 
extraction indicates that a small amount of Cr(VI) is leachable under slightly acidic conditions. 
3.2.4. Station 4- Repository fill 
The Mouat block and repository fill material is of particular interest for this study and the 
driver for conducting the leach tests. The sample at station 4 was collected using the soil auger, 
however after three inches of augering, I experienced significant caving to a depth of 
approximately six feet. The clayey silt sample was collected from the cavity and is interpreted to 
be a mix of treated fill that was placed between the repository blocks and clean cap material.  
ICP-MS analysis of the extraction from soils at station 4, near RMIS-2, reported dissolved Cr 
concentration to be 54.40 μg/L. The vacu-vial method reported 1.465 ppm of CrO4 or 656 μg/L 
of Cr(VI). The low concentration of Cr in the extraction likely contribute to the large error by the 
vacu-vial method, and interferences play a role in the anomalous value produced by the method; 
a red-violet colored solution was not observed. The Cr concentration in groundwater at RMIS-2, 
during the September, 2015 sampling, event was 21.42 and 24.43 μg/L for dissolved and total 
recoverable Cr, respectively. The vacu-vial method for groundwater indicated 0.159 ppm CrO4 or 
71 μg/L Cr(VI), suggesting Cr is present as Cr(VI) in groundwater at RMIS-2, and possibly 
sourced from the repository fill. 
3.2.5. Repository Blocks 
ICP-MS analysis of the extractions from the fine (MBF) and coarse (MBC) fraction of 
the block material (Figure 10) indicate a significant ability for Cr(VI) to leach from the block 
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material under conditions simulating acid rain. The ICP results for the fine and coarse fraction 
are 329.41 and 337.5 μg/L of dissolved Cr, respectively. The vacu-vial method reported values 
of 0.673 and 0.644 ppm CrO4 (or 302 and 289 μg/L Cr(VI)), respectively- which seem to be 
fairly precise despite the reported error at such low concentrations. The SPLP results are similar 
to the concentration of Cr observed in groundwater within the repository. During the June and 
September, 2015 sampling events, total dissolved Cr concentrations in groundwater at MO-25 
were 369.96 and 256.8 μg/L, respectively. The Cr(VI) concentrations (vacu-vial method) were 
374 and 297 μg/L, respectively. This indicates that the SPLP may simulate the contribution of 
Cr(VI) to groundwater with the interaction of naturally acidic rain.   
 
 
 
 
 
 
 
 
 
Total Cr 
(ICP-MS)
CrO4 
(Vacu-vial) Cr(VI)
Station ug/L ppm ug/L
1 0.34 0 0
2 2.3 0.393 176
3 2.7 0.109 49
4 54.4 1.465 656
MBF 329.41 0.673 302
MBC 337.5 0.644 289
Table V. Results from SPLP tests on soils and repository fill and block material. 
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3.3. Sorption Batch Experiments 
Batch experiments were conducted at room temperature with pH controlled between 7-
7.5, and shaken at a constant rate for 24 hours to reach equilibrium. The flasks were covered with 
a modified rubber stopper to allow for oxygen exchange. Extractions from the equilibrated 
solutions were analyzed for Cr(VI) by the diphenylcarbazide method. The Ci and Ce 
concentrations of each batch test did not differ significantly throughout the duration of the 
experiments, and behaved similar to the pilot studies. The difference between the calculated 
concentrations of Ci and Ce indicate that after 24 hours, a small mass of Cr(VI) was either 
Figure 20. Vacu-vials showing violet color from Diphenylcarbazide reaction with Cr(VI) for Mouat block 
material.
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reduced or adsorbed on the soil. Table IV shows the absorbance, concentration, and percent 
difference of Ci and Ce for each study.  
 
Table VI. Absorbance and calculated concentration of initial (Ci) and equilibrated (Ce) solutions from 
sorption batch tests. 
 
Increased error was observed in quantifying the 50μg/L samples and the 1,500μg/L sample for 
station 3, which is expected since they’re the lower and upper of the calibration curve.  
3.4. Natural Attenuation 
 Key factors in determining the transport of Cr(VI) in groundwater is to determine the 
potential for natural attenuation by addressing the following criteria; 1) natural reductants exist 
within the aquifer medium, 2) the reduction capacity of the aquifer must exceed the amount of 
Designed 
Ci (mg/L)
Absorbance 
of Ci
Concentration 
of Ci (mg/L)
% error 
from 
design
Absorbance 
of Ce @ 24 hrs
Concentration 
of Ce (mg/L)
Ce‐Ci 
(mg/L)
0 0 0 0 0 0.000
0.05 0.104 0.065 30.81% 0.095 0.057 ‐0.008
0.1 0.154 0.111 10.84% 0.146 0.104 ‐0.007
0.5 0.581 0.499 ‐0.23% 0.583 0.501 0.002
1 1.153 1.019 1.86% 1.117 0.986 ‐0.033
1.5 1.667 1.486 ‐0.95% 1.651 1.471 ‐0.015
0 0 0 0 0 0.000
0.05 0.102 0.064 27.17% 0.093 0.059 ‐0.005
0.1 0.151 0.108 8.11% 0.141 0.102 ‐0.006
0.5 0.574 0.492 ‐1.50% 0.565 0.487 ‐0.005
1 1.138 1.005 0.50% 1.132 1.001 ‐0.004
1.5 1.676 1.494 ‐0.41% 1.636 1.459 ‐0.035
0 0 0 0 0 0.000
0.05 0.106 0.067 34.44% 0.1 0.064 ‐0.003
0.1 0.156 0.113 12.66% 0.154 0.111 ‐0.001
0.5 0.593 0.510 1.95% 0.59 0.494 ‐0.016
1 1.153 1.019 1.86% 1.142 0.979 ‐0.039
1.5 1.742 1.554 3.59% 1.685 1.456 ‐0.098
Station 1
Station 2
Station 3
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Cr(VI) and other reactive constituents, 3) the rate of reduction of Cr(VI) is greater than the rate 
of transport from the site, 4) when Cr(VI) is reduced to Cr(III), the Cr(III) is potentially rendered 
immobile, and 5) there is no net oxidation of Cr(III) to Cr(VI) after a change in the aquifer 
geochemistry (Palmer and Puls, 1994).  
 The initial oxidation state of Cr contaminant was Cr(VI), however after remedial efforts, 
some of the Cr(VI) was reduced to Cr(III). According to ICP and the diphenylcarbazide method 
analysis, both Cr(III) and Cr(VI) are present in the aquifer. The presence of Cr(VI) at high 
concentrations is subject to processes that were not investigated as part of this study. However, 
important processes to consider in the evaluation of natural attenuation of Cr(VI) is the oxidation 
of Cr(III) to Cr(VI) by dissolved oxygen and manganese dioxides (MnO2) (Palmer, 1994). 
Soil organic carbon 
Organic carbon results for fumigated and none-treated soils are presented in Table VII. 
Soils at Station 1 (near MIS-14) and Station 2 (west edge of Golf Course) have similar amounts 
of total carbon (%TC), however varying amounts of organic carbon. Of the total carbon, 53% 
and 31% is organic at Station 1 and Station 2, respectively. Organic carbon at Station 3 is much 
less at 10% of total carbon. Tokunaga et al. (2003) used approximately 4,000 mg/L of organic 
carbon for in-situ treatment of heavily contaminated soils (1,000 to 10,000 mg/L Cr(VI)), much 
higher than observed at the Mouat site. 
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Sample 
location ID Date Treatment
mass 
(mg)
Carbon 
(mg/kg) %TC OC/TC %TN C/N
YSRB 1 A2_sta_1 01/15/16 none 49.8 27.7 0.89 0.054 17
YSRB 1 A1_sta_1 01/15/16 none 49.9 27.8 0.91 0.055 16
YSRB 1 STA_I_t 03/29/16 fumigated 50.3 9.1 0.48 0.53 0.054 9
YSRB 2 B2_sta_2 01/15/16 none 50.1 8.8 0.91 0.042 22
YSRB 2 B1_sta_2 01/15/16 none 50.6 8.9 0.88 0.041 22
YSRB 2 STA_II_t 03/29/16 fumigated 50 9.1 0.28 0.31 0.04 7
YSRB 3 C2_sta_3 01/15/16 none 50.2 2.8 2.77 0.021* 132
YSRB 3 C1_sta_3 01/15/16 none 45.4 2.8 2.78 0.016* 174
YSRB 3 STA_III_t 03/29/16 fumigated 51.2 4.8 0.28 0.10 0.017* 17
* at detection limit
Table VII. Total carbon, total nitrogen, and organic carbon for soils. 
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4. Groundwater Flow Modeling- MODFLOW 
4.1. Methods 
A numerical model was developed to assess and predict the transport of Cr in 
groundwater, and to simulate conditions observed at the site. GMS software (version 10.0) was 
used as the supporting software for MODFLOW, the internal numerical model. MODFLOW is a 
finite-difference model and modular computer program developed by the USGS to simulate 
groundwater flow (McDonald and Harbaugh, 1988). The finite-difference model solves the three 
dimensional groundwater flow equation for a porous medium. MODFLOW was developed to 
exceed the capabilities, efficiency, and versatility of prior two- and three-dimensional finite 
difference models (McDonald and Harbaugh, 1988). MODFLOW is based on the following 
finite difference equation. 
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(13)
Where; 
K is the hydraulic conductivity along the respective coordinate axes (Length/Time) 
h is the potentiometric head (Length) 
W is a volumetric flux per unit volume and represents water sources and/or sinks 
(1/Time) 
Ss  is the specific storage of the porous material (1/Length) 
t is time (Time) 
A complete description of the groundwater flow equation and how it is used in 
MODFLOW can be found in Techniques of Water-Resource Investigations of The United States 
Geological Survey by McDonald and Harbaugh, 1988. MODFLOW is a modular program and 
series of independent sub-routines (or modules) that have been grouped into packages. Each 
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package represents a single aspect of a simulation, including hydrologic features such as streams, 
rivers, lakes, drains, etc. MODFLOW was enhanced in the year 2000 to increase computational 
power and solve additional equations relating to groundwater flow, transport, and parameter 
estimation (Harbaugh et al., 2000). MODFLOW code was used in GMS software version 10.0 
for this study. 
4.1.1. Conceptual Model 
The processes of generating a meaningful model, defined as modeling protocol, is a 
series of steps involving identifying a purpose, creating a conceptual model, selecting an 
appropriate computer code, design and calibrate the model, verify results, make predictions, and 
present results. A conceptual model is a critical initial step in modeling protocol and includes a 
pictorial representation of the groundwater flow system. The primary steps in developing a 
conceptual model are defining the model domain, boundaries and boundary conditions, and 
hydrostratigraphic units, preparing a water budget, and defining the flow system. The numerical 
model is based on the nature and dimensions of the conceptual model (Anderson and Woessner, 
1992). According to Toth, 1963, the most important features to define and understand about a 
groundwater system are the locations and extent of recharge and discharge areas, the velocity of 
flow at any point, and the depths of penetration of the flow systems. 
The area of interest is controlled by the superfund site description and network of 
monitoring wells. The model domain was defined with an understanding of the groundwater flow 
system, and encompasses the Mouat superfund site, monitoring wells and uses physiographic 
boundaries, such as the Yellowstone River.  A detailed description of model boundaries and 
boundary conditions is presented in the following section.  
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The Quaternary gravels and sand/silt are two hydrostratigraphic units of consideration. 
The sand/silt is an upper fine-grained unconsolidated alluvial aquiver to a depth of 
approximately 11 feet, overlying a coarse-grained unconsolidated gravel aquifer of variable 
thickness to a maximum depth of approximately 27 feet. The units are bound to the north by high 
benches of the Cretaceous sedimentary rocks outlined in section 1.4, and to the south by the 
Yellowstone River. The soil sampling conducted in 2015 was limited to the unsaturated zone due 
to method constraints and not being able to penetrate gravel and cobbles. No sieve analysis was 
conducted on the material as they weren’t thought to directly represent the aquifer. The sand/silt 
alluvial aquifer is thought to consist of low and high-energy river deposits with potential for 
paleochannels.  
 The water budget accounts for all of the elements of the hydrologic cycle; water that is 
entering and exiting the system. The following simplified water budget supports the conceptual 
model in describing groundwater flux in the system, is based on the principle of mass 
conservation, and is represented as: 
 Inflows = Outflows ± ΔStorage (14)
 Where; 
Inflows are any source of water entering the aquifer (recharge) 
Outflows are any source of water leaving the aquifer (Yellowstone) 
ΔStorage is any changes in water that is in storage 
Potential groundwater inflows into the Mouat Industries superfund site include water infiltration 
from surface-water bodies, recharge via precipitation or percolation of irrigation, and through 
interflow of groundwater from the Yellowstone River and tributaries. Potential groundwater 
outflows include discharge of groundwater to springs, evapotranspiration, and return of 
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groundwater to the Yellowstone River. The aquifer received substantial recharge during a storm 
event in May, 2015. Columbus received approximately 2.54 inches of rain during a 3-day period, 
resulting in approximately 0.7 to 1.5 feet of rise in groundwater table throughout the site.  
4.1.1. Numerical Model 
The field observations and conceptual model are the framework for developing the flow 
model. The flow model was created to assist in estimating the approximate travel times for 
Cr(VI) to be travel to down-gradient POC wells. The modeling code used was MODFLOW-2000 
version 1.19.01, within the Aquaveo GMS software. 
The site is modeled as a single-layer and the grid is composed of 60 rows and 35 
columns, constituting model dimensions of 3404 feet by 5665 feet by 40 feet. 
Aquifer Parameters 
One of the most important aquifer parameters for characterizing groundwater flow 
conditions is the hydraulic conductivity (K) of the aquifer. K can be determined empirically by 
numerical modeling and experimentally by aquifer tests. Slug tests have been performed on 
RMIS-series wells, and one aquifer test was conducted on the Columbus municipal well as part 
of previous hydrogeologic investigations (Bertram, 1996). The tests indicated a range of K 
values from 24 to 526 ft/day, with a median value of 108 ft/day. The details for K values at 
specific RMIS-series wells were unavailable. This research uses MODFLOW code to simulate 
boundary conditions, recharge, surface water, and static water levels in conjunction with PEST 
(automated parameter estimation) to inversely calculate K. 
Boundary Conditions 
Boundary conditions are mathematical statements specifying the head or flux at the 
boundaries of the model. It is necessary to select appropriate boundary conditions that represent 
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realistic hydrogeologic properties, and reduce possible error. Physical and hydraulic boundaries 
are two general forms of which specific conditions can be applied. Specified head, specified 
flow, and head-dependent flow boundaries are three categories used for simulating steady-state 
and transient conditions (Anderson & Woessner, 1992).  
The Mouat site and model domain are bounded to the north by the city of Columbus, and 
the south by the Yellowstone River. The northern boundary of the model is represented by a 
specific head boundary during steady-state simulations. The potentiometric surface map 
indicates a dominantly south to southeast groundwater flow direction, suggesting negligible flow 
across the east and west boundaries (Figure 21). Therefore, the east and west boundaries are 
specified flow boundaries with the flux set to zero, to represent no-flow.  
River stage and flow are typically measured within the model domain, and those values 
are input to MODFLOW. However, the Yellowstone River is much too large to manually 
measure flow, and unfortunately the nearest USGS gauging station is at Billings, MT. River 
elevation along the southern boundary was surveyed in July. The elevation data of the river edge 
were used to calculate the gradient of the river and for specifying river elevation at nodes along 
the southern boundary. 
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Figure 21. Water table surface map with 1-foot contour interval, showing a zone where Cr > 10μg/L (Cr data 
from Vacu-vials during July, 2015 sampling).
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4.1.1.1. Packages 
To effectively simulate a hydrogeologic system, packages that simulate the groundwater 
flow process must be applied to the model domain to account for the variables of the conceptual 
model. The same options for simulating boundary conditions can be applied to the model domain 
to simulate internal boundaries, seeps, springs, drains, rivers, and other head-dependent 
conditions (Anderson and Woessner, 1992). The packages used in the model domain and for 
boundary conditions are described below. 
The internal conditions of the model domain are simulated by packages that represent 
physiographic and hydrologic features such as recharge and evapotranspiration, springs, lakes, 
and drains. To simulate the Mouat site, the southern boundary requires the use of the river 
package (RIV), the northern boundary is simulated by the general-head boundary (GHB), aerial 
recharge (by rain and snowmelt) are simulated by the recharge package (RCH), and the spring 
and related ditch on the golf course require are simulated by the drain package (DRN). 
4.1.1.2. River Package (RIV) 
Rivers and streams can contribute or drain water from the groundwater system, 
depending on the hydraulic gradient between the river or stream and groundwater (Harbaugh et 
al., 2005). RIV simulates the interaction (or seepage) between the aquifer and river only, and was 
used as a boundary condition to simulate the effects of flow between groundwater and the 
Yellowstone River, at the southern boundary. Arcs and nodes are used in the GMS interface to 
allow the user to define a river. An arc represents a linear reach of the river, whereas nodes 
define the river bed elevation, stage, and river-bed conductance. GMS linearly interpolates the 
elevation of the river along the arc, between each node. RIV independently simulates the seepage 
for each reach of the river. One of many assumptions with using RIV is the water-level does not 
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drop below the bottom of the river bed, and therefore the underlying cell remains fully saturated. 
The magnitude of seepage is based on a value of river-bed conductance that is defined within 
RIV. River-bed conductance is calculated using the following equation: 
 ܥோூ௏ ൌ ܭ௩ܮܹܯ  
(15)
Where; 
Kv=Vertical Hydraulic Conductivity (length/time) 
L= Length of river in the cell (length) 
W=Width of river in the cell (length) 
M= Thickness of the riverbed sediments (length) 
CRIV= Riverbed Conductance ((length2/time)/(length)) 
 
GMS calculates the length and width of the river cells automatically, therefore the user 
needs to define Kv and M when calculating a value for conductance. In extensive groundwater 
modeling projects, the user may experimentally determine riverbed conductance through field or 
laboratory experiments, or perhaps if the river was internal to the model and flow measurements 
were known, PEST can be used to quantify CRIV. The Yellowstone River is much too large to 
experimentally determine CRIV, and because the river is a groundwater discharge point and 
boundary condition, CRIV was set to be orders of magnitude greater than the K over the aquifer to 
ensure minimum impedance of seepage to the river.  
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4.1.1.3. Specified Head Package (CHD) 
The CHD was used to model the northern boundary condition of the model in an attempt 
to simulate flux into the model with respect to specific head values.   Specified head boundaries 
are an arc boundary with nodes that specify the groundwater elevation along the arc. GMS 
linearly interpolates the change in specified head between the nodes. Groundwater elevations at 
the nodes were determined by using the potentiometric surface map (Figure 21) and interpolating 
between points. Water is added or removed from the model by the specified head boundary to 
maintain water-level elevations that are specified for each cell by the CHD, thus anchoring the 
water-level elevation. 
4.1.1.4. Recharge Package (RCH) 
The RCH simulates aerially distributed precipitation that infiltrates and provides recharge 
to the aquifer. In this model, the RCH is used in its simplest function where recharge is applied 
to the uppermost layer at the top of the water table. Recharge is simulated as volumetric flow at 
each cell within the model domain, which is determined by recharge flux and the dimensions of 
the cell. Recharge flux is estimated to be approximately 5% of total precipitation in units of feet 
per day (0.0003 ft/d). 
4.1.1.5. Drain Package (DRN) 
The DRN is designed to simulate features that remove water from the aquifer 
proportional to the difference between the aquifer head and the drain elevation. Arcs and nodes 
are used in the GMS to define a river; An arc represents a linear reach of the drain, whereas 
nodes define the drain elevation. GMS linearly interpolates the elevation of the drain along the 
arc, between each node. DRN independently simulates the seepage for each reach of the DRN. 
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The DRN and RIV packages are similar in representing a feature that receives 
groundwater; however If the aquifer head falls below the drain elevation, then the DRN has no 
effect on the aquifer, therefore the DRN simulates a groundwater discharge feature.  
 The flow from the aquifer to the drain is mathematically described by the following 
equation: 
 ܳ௢௨௧ ൌ ܥܦሺ݄௜,௝,௞ െ ܪܦሻ (16)
Where; 
Qout = Flow from aquifer to the drain (length3/time) 
CD = Drain conductance (length2/time) 
HD = Drain elevation (length) 
Hi,j,k = Head in the cell containing the drain (length) 
The drain on the golf course receives groundwater from a spring, and is thought to 
represent the groundwater table; therefore it is modeled with the DRN.  
4.2. Steady-State Calibration 
The potentiometric surface map (Figure 21) was developed from groundwater elevation 
data collected on June 29th, 2015. The map was used to verify the calibration results of the 
steady-state model, which used the same June data (Figure 23). The data from June 29th was used 
because this was the first site visit after the spring recharge event, and manual measurements 
were collected. Data collected during the May 18th, 2015 site visit were thought to be non-static 
because many wells were either still responding to recharge, or surface water recently entered the 
well due to surface runoff and inadequate well completion. For each observation well, a 
calibration target of plus-or-minus 0.50 feet was used, which represents about 4% of the total 
groundwater relief (12.3 feet). Steady-state models were created to simulate groundwater 
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conditions representative of the input data, and to refine model parameters which represent 
aquifer characteristics. Automated parameter estimation (PEST) uses the boundary conditions 
and observed head values to inversely solve the flow equation through numerous iterations. 
Iterations minimize residual error by adjusting specific parameters within specified ranges. 
Hydraulic conductivity was refined using PEST pilot-point method, where the model estimates 
the optimal K value near a pilot-point within the model, while maintaining agreement with the 
head values at observation wells, shown in Figure 24. Figure 25shows the distribution of pilot-
points throughout the model domain, and the error bars associated with steady-state calibration 
results. Similar to the well-established trial-and-error calibration method, the results from PEST 
pilot-point should be evaluated to ensure they’re reasonable, and that the potentiometric surface 
map is in agreement with the modeled water-table contours. Another metric for evaluating the 
accuracy of calibration is the residual error, mean average error (MAE), and root mean squared 
(RMS) error associated with the simulated and observed head values, which are discussed later.  
The PEST calibration produced a K distribution (0.1 to 71.5 ft/day) and computed-head 
solution with minimal error, providing confidence in proceeding with the K distribution for 
further transport analysis. The K values differ from reported values (24 to 526 ft/day), however 
they are within reasonable limits for some of the aquifer material observed at the site. Also, the 
K estimated by PEST are within a reasonable range and do not vary by orders of magnitude. The 
area around MIS-11A/B and the NW corner of the model have the highest estimated K. MIS-
11A/B are both completed in clean gravel of the lower alluvial aquifer, and a higher K value is 
anticipated. The high K area at the NW corner is likely a product of a lack of data resolution at 
the boundary. The elevation data for the node at the NW end of the CHD boundary were 
extrapolated from the potentiometric surface and may not be a best approximate of reality, 
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however since this area is on the border of the model, it is not seen as a concern for Cr(VI) 
transport from the repository. Additionally, each of these areas may be a product of the model 
forcing K values at pilot points to reduce residual error and may not simulate reality. 
The K values range up to 71.5 ft/day, which are less than the reported mean and 
maximum values of 108 ft/day and 526 ft/day, respectively. This incongruence is not seen as 
error with the model, but rather an approximation of the upper sand/silt aquifer; this model is 
considered model X. To better represent the lower gravel aquifer, the K distribution was 
uniformly multiplied by factors to bring the K values closer to those reported. The K distribution 
was multiplied by three (3) and six (6) to generate three base models of the site (X, 3X, and 6X), 
increasing the range of K values up to 430 ft/day, similar to values derived from slug tests. The 
errors associated with each iteration, displayed in Table VIII, are less than 2% of the total change 
in head across the model domain; and for model X, the mean error is less than one-tenth of a 
foot. Greater error is observed for the 3X and 6X iterations, but remain within the 0.5 ft target 
interval. The computed head data show approximately 99.7% agreement with the observation 
data as shown in the linear regression analysis displayed in Figure 22. 
The maps of K values and potentiometric surface for each model are displayed in 
Appendix C.  
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Well ID
Observed 
head (ft)
Computed 
head (ft)
Residual 
error
Computed 
head (ft)
Residual 
error
Computed 
head (ft)
Residual 
error
RMIS-2 3566.02 3565.847 0.171 3565.663 0.355 3565.656 0.362
MO-26 3566.03 3565.900 0.129 3565.721 0.308 3565.715 0.314
W-9 3566.31 3566.436 -0.128 3566.279 0.029 3566.273 0.035
MO-09 3566.63 3566.498 0.136 3566.360 0.274 3566.355 0.279
RMIS-1 3567.93 3567.928 0.001 3567.893 0.036 3567.892 0.037
MO-01 3567.90 3567.942 -0.037 3567.908 -0.003 3567.907 -0.002
W-1 3567.01 3566.981 0.031 3566.877 0.135 3566.875 0.137
MO-25 3565.37 3565.334 0.034 3565.116 0.252 3565.110 0.258
W-10 3565.17 3565.242 -0.072 3565.011 0.159 3565.005 0.165
RMIS-5 3564.76 3564.621 0.136 3564.389 0.368 3564.386 0.371
MIS-16 3564.97 3564.793 0.173 3564.574 0.392 3564.572 0.394
MO-11 3564.27 3564.851 -0.578 3564.636 -0.363 3564.634 -0.361
MIS-4B 3565.29 3565.192 0.096 3564.992 0.296 3564.989 0.299
RMIS-4 3565.26 3565.252 0.007 3565.054 0.205 3565.051 0.208
MO-10 3565.53 3565.458 0.076 3565.270 0.264 3565.267 0.267
MIS-15 3565.98 3565.936 0.045 3565.770 0.211 3565.767 0.214
RMIS-3 3566.29 3566.271 0.015 3566.124 0.162 3566.121 0.165
RMIS-7 3563.69 3563.713 -0.025 3563.476 0.212 3563.477 0.211
MIS-11B 3563.40 3563.403 -0.067 3563.238 0.165 3563.241 0.162
MIS-11A 3563.55 3563.465 0.082 3563.233 0.314 3563.236 0.311
RMIS-8 3563.14 3563.182 -0.047 3562.957 0.178 3562.962 0.173
RMIS-8B 3563.29 3563.167 0.125 3562.942 0.350 3562.947 0.345
RMIS-9 3561.41 3561.501 -0.090 3561.260 0.151 3561.258 0.153
MIS-14 3557.48 3557.434 0.042 3557.066 0.410 3557.057 0.419
MIS-12 3560.31 3560.385 -0.071 3560.164 0.150 3560.165 0.149
MIS-13 3555.27 3555.281 -0.006 3555.103 0.172 3555.099 0.176
Mean Error 0.007 0.199 0.202
Mean Abs Error 0.093 0.228 0.230
RMS 0.143 0.243 0.245
X 3X 6X
Table VIII. Observed and Computed (modeled) hydraulic head values and associated residual error, 
mean error, mean absolute error, and root mean squared (RMS) error for each iteration of hydraulic 
conductivity (X, 3X, 6X). 
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 Figure 22. Computed vs. observed head values for each iteration of hydraulic conductivity within the model
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Figure 23. Steady-state calibrated model showing potentiometric surface contours (1.5 foot contour interval), 
and calibrated head residual error (+/- 0.5 feet).
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 Figure 24. Distribution of hydraulic conductivity estimated by PEST pilot-points calibration 
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The flow budget can be evaluated at the micro-scale (cell by cell) or the macro-scale (the 
entire model domain). Cell-by-cell assessment is useful for evaluating the models estimation of a 
finite location, feature, or boundary of the model. If inflow to the ditch were known, evaluation 
of the flow budget at the ditch could quantify accuracy of the model. For this study, the net flux 
is used to evaluate the proper function of the model. Table IX displays the MODFLOW output 
Figure 25. Distribution of pilot points used for PEST calibration, including potentiometric surface contours 
and calibrated head residual error.
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which quantifies the total flux in and out of the domain for each package used in the model. The 
fluxes for each model are approximately 4,000, 11,000 and 14,000 cubic feet per day, 
respectively, indicating that flux is not exactly proportional to the scaling factors applied to the K 
distribution. The errors associated with each iteration are less than 1% of net flux, indicating a 
well-calibrated and functioning model. 
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Table IX. Detailed flow budgets for each iteration (X, 3X, and 6X) of the model.  
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4.3. MT3DMS 
MT3DMS is a modular three-dimensional multispecies transport model that includes four 
advanced components of transport modeling. MT3DMS can be coupled with GMS-MODFLOW 
to simulate changes in concentrations of aqueous contaminants in groundwater. The model 
accounts for advection, dispersion, diffusion, and basic chemical reactions in groundwater 
systems under general conditions. After a flow model has been constructed and calibrated in 
GMS, MT3DMS can be joined very easily. A complete description of the updated transport 
modeling code can be found in Zheng and Wang, 1999.  
The conceptual transport model for the Mouat site consists of a spring wetting-and-
flushing event, triggered by seasonal precipitation and snowmelt. As meteoric water infiltrates 
through the vadose zone to the phreatic zone, soils that have been relatively dry and oxidized are 
wetted and deliver solutes to the water.  When these solutions reach the water table, horizontal 
flow becomes a greater component and the aqueous solutions mix with groundwater and flow 
according the hydraulic gradient. In the repository, the solutes of concern are leachable Cr, 
specifically Cr(VI). 
MT3DMS was used to simulate the transport of the leachate from the repository. 
Concentrations of Cr(VI) from the leach tests and the water quality samples from the repository 
wells were used to define starting concentrations of the leachate. The Cr(VI) concentrations vary 
two orders of magnitude within the repository and down-gradient wells. MT3DMS doesn’t 
simulate this observed variability well, so a background Cr(VI) concentration of 50μg/L was 
used for the majority of the repository, and 300μg/L was used to simulate groundwater 
peripheral to RMIS-25.  
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The stress period (length of the simulation) of the model was programmed to simulate 
Cr(VI) transport to steady state conditions (where Cr(VI) is not predicted to travel any further 
down-gradient), or to the Yellowstone River. The stress period was set to a liberal 20,000 days to 
not limit the transport, and the transport time steps are 25 or 50 days. These variables were 
chosen from a trial-and-error process and don’t effect simulated concentrations. 
MODFLOW estimates flow based on the two-dimensional flow equation, and doesn’t 
incorporate porosity, dispersion, or chemical reactions. To model transport, these additional 
aquifer parameters are required to be defined. Porosity was set to 0.2, an average for sand and 
gravel matrix; longitudinal dispersion (DL), calculated from the Xu and Eckstein equation and 
Fick’s Law (equations 17 and 18, respectively), was set to 4.0 ft2/d. 
 ߙ௧ ൌ 0.83ሺܮ݋݃ܮ௦ሻଶ.ସଵସ (17)
Where; 
αt = dispersivity (length/time) 
Ls = straight-line flow pathway (length) 
 ܦ௅ ൌ ߙ௧ ∗ ݒ௫ (18)
Where; 
αt =  dispersivity (length/time) 
vx = horizontal flow velocity (length) 
A variety of chemical processes, as discussed in Sections 2.5 and 2.6, serve an important role in 
the fate of Cr(VI), including sorption. Sorption can be modeled using Rf as explained in section 
2.5, however the batch tests conclude that sorption is not occurring at pH 7 to 7.5, so retardation 
is not used in the simulation. The mechanism for attenuation is not clear at this time, and is only 
hypothesized to be driven by reduction and/or precipitation, whether chemical or biological. 
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Despite this uncertainty, chemical reaction code within MT3DMS was used to simulate observed 
low concentrations in down-gradient wells. A first-order irreversible kinetic reaction, often used 
to simulate decay, was applied to the model (eqn 19). This approach is intended to qualitatively 
describe the response to the presence of a transport-limiting mechanism, and evaluate the relative 
transport times with respect to observed conditions at the site.  
 ݈݊ ሾܣሿሾܣሿ଴ ൌ െ݇ݐ 
(19)
Where; 
Ce =  concentration at time t (mass/volume) 
Ci =  initial concentration (mass/volume) 
k = reaction rate constant (1/d) 
the rate constant was varied within a reasonable range 0.001 to 0.0001 day-1  to assess the 
magnitude of (k) that would closely represent observations in Cr(VI) concentrations. These 
values of a first-order rate constant are similar to values from the GMS tutorial on MT3DMS 
(Aquaveo, 2015), and purely used as a conservative starting point. Literature values of first-order 
rate constants are derived from mineral surface reactions, added reductants, and zero-valent iron 
nano particles, rather than natural soils. Graham and Bouwer (2010) investigated Cr(VI) 
reduction on mineral surfaces in batch experiments at pH 7 with 1g/L sediment in solution, and 
reported a range of k values from 14.4 to 576 day-1. Celajes and Hilario (2015) used ferrous 
sulfate (FeSO4) solution to reduce Cr(VI) from a potassium dichromate (K2Cr2O7) solution at a 
3:5 ratio of Cr(VI) to FeSO4 and reported a k value of 14.69 day-1. Gueye, et al. (2015) studied 
the induced reduction of Cr(VI) using zero-valent iron nano particles (nZVI) at pH 7.17 to 7.64 
and concentration of nZVI at 0.13 to 0.22 g/L, and report k values of 48.24 to 102.82 day-1.  
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4.4. Sensitivity Analysis 
The degree to which a model solution changes as a result of variation in parameter values 
is an indicator of the sensitivity of the model to that parameter. Sensitivity analyses allow the 
modeler to quantify the uncertainty of the solution and ascertain the parameters which have the 
greatest influence to the simulation. A sensitivity analysis was performed on Model X by varying 
K, and the error in simulated head values were quantified in Table VIII above. Additionally, 
sensitivity analyses were performed on each model (X, 3X, and 6X) by assessing the influence of 
DL, DL/DT (DT - transverse dispersion), and k to transport time. The results of the sensitivity 
analysis are presented in Table X. The simulated transport time appears to be insensitive to 
dispersion, directly proportional to the K factors, and, as expected, the model is sensitive to k. In 
a few simulations of higher k values, the transport model reached a steady-state condition (*), 
indicating Cr(VI) was no longer in transport. 
  
Table X. Summary of steady-state sensitivity analysis
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5. Discussion 
The initial species of Cr in the processing waste was Cr(VI) and during initial 
investigations both Cr(VI) and Cr(III) were discovered (Bertram, 1996). It was indicated that 
Cr(III) was found exclusively in golf course ditch sediments, and considering the relative 
mobility and Cr geochemistry, this indicates reduction occurred naturally in the system, and 
possibly within the organic-rich wetlands. According to conclusions made by the EPA, 
documented in the 1996 Enforcement Action Memo (Bertram, 1996), “Chromium in the 
groundwater medium at the Site exists in the dissolved state (CrVI). It has been demonstrated 
that Cr(VI) would not, under naturally occurring conditions, be reduced to Cr(III) because of the 
highly oxidized groundwater existing at the Site. Factors that can impact the geochemistry of Cr 
(e.g., iron and total organic carbon content) have been found to be low; therefore, it can be 
concluded that Cr would not be precipitated. An evaluation of the sorption phenomena also 
indicates that these would not permanently retain Cr in groundwater. They would, however, 
delay or retard the movement of dissolved Cr with respect to the groundwater flow rate, 
suggesting that Cr may be present in groundwater for some time to come in the future. However, 
Cr concentrations in the groundwater will also decline by natural dispersion and dilution 
mechanisms.”  
The sorption batch test results do not support the process of sorption existing at the site. 
However, since the soils collected for this batch tests were from the unsaturated zone, the aquifer 
sediments may differ great enough to produce alternative adsorptive properties. Additionally, the 
aquifer pH is neutral to moderately alkaline and high rates of sorption are not anticipated at these 
levels. However, if the theory that the lower gravel aquifer controls the transport of Cr(VI), there 
would be negligible sorption to the coarse gravel as well. The water quality results (Appendix A) 
73 
show that dissolved iron is absent in the system and nitrate ranges from 0.22 to 5.25 mg/L, 
indicating oxidizing conditions in groundwater and making reduction of Cr(VI) to Cr(III) less 
likely. Water quality analysis indicates the Cr(VI) concentration at MO-25 is three orders of 
magnitude greater than POC wells (depending on sampling period) in 2015. A mechanism 
causing the retardation or reduction of Cr(VI) is not confirmed, however additional processes not 
studied at this time, such as biodegradation, have been known to reduce Cr(VI) to Cr(III) with 
cultured bacteria and organic carbon sources (Smith et al., 2002). DOC concentrations in 
groundwater (mg/L) and mass of soil organic carbon (mg/kg) are not anonymously high at the 
site, however they are orders of magnitude greater than Cr concentrations in groundwater (μg/L). 
The relative magnitude of available carbon sources may contribute to natural attenuation at a 
greater rate in the aquifer, than observed in the sorption tests.   
During remedial efforts, the Cr-contaminated soil was either removed or treated, 
remaining Cr(VI) was mostly reduced to Cr(III), and the waste was secured in concrete blocks. 
Post-remedial studies suggest that there is no further input of Cr(VI) into groundwater. 
According to ICP and the diphenylcarbazide method analysis, both Cr(III) and Cr(VI) are present 
in the aquifer. The field observations of CrO4 concentrations indicate a presence of Cr(VI), 
however the data are only qualitative due to the error associated with the vacu-vial method. 
Cr(VI) concentrations are greater in the repository area where results indicate a dominance of 
Cr(VI). Possible explanations to describe the continued presence of Cr(VI) in the aquifer without 
reduction are long residence time, desorption, and influx of Cr(VI) from the repository. 
Residence time is controlled by retardation and/or low groundwater flux, controlled by K 
(discussed later in the modeling section). Influxes of Cr(VI) into the aquifer from the repository 
would only be possible if Cr(VI) is leaching from the repository material. Results from the SPLP 
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tests indicate that, under slightly acidic conditions, simulating naturally acidic rain (pH 5.5), 
Cr(VI) is leached from both the repository blocks and fill. The SPLP method used crushed block 
material and possibly over-estimates the availability of Cr from the blocks due to increased 
surface area and exposing fresh, not previously weathered surfaces. However, the leachate 
produced similar concentrations as observed in groundwater at MO-25. 
Cr is present in down-gradient wells as far as MIS-13. MIS-13 and MIS-14 both have 
concentrations of dissolved Cr to approximately 10 μg/L, however neither well had any 
reportable Cr(VI) according to the vacu-vial method (Table III). Figure 26 shows the Cr(III) 
saturation curve (created by specifying an infinite solid for Cr2O3(s) in Visual Minteq 
(Gustafsson, 2012) and simulating groundwater chemistry with major ion concentrations), 
indicating that 5 to 10 μg/L of Cr(III) are possible at near neutral pH range of 6.5 to 7.5, similar 
to site conditions. This supports the transport of low concentrations of Cr across the site. 
 
Figure 3. Saturation curve for Cr2O3(s) for pH between 6 and 10. Concentrations modeled with Visual 
Minteq version 3.0 (Gustafsson, 2012). 
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Transport Modeling 
Results from the modeling provide indications to ranges of parameter values required to 
simulate observed conditions, and ultimately predictions on transport time to POC wells. In most 
simulations, the model predicted that the contaminant plume either terminated at the spring, 
and/or low concentrations continue toward the Yellowstone River in a narrow path via MIS-13 
(Figure 27). The transport times predicted by MT3DMS are similar to calculations using Darcy 
velocity (eqn 20).  
 ݒ௫ ൌ െܭ݊
݄݀
݈݀  
(20)
 
 ݐ݅݉݁ ൌ ܮݒ௫ 
(21)
 
Where; 
vx =  horizontal velocity (length/time) 
K =  average hydraulic conductivity (length/time) 
n = porosity (unitless) 
dh/dl = hydraulic gradient (length/length) 
L = distance (length) 
Darcy velocity was calculated using average K, hydraulic gradient, and length to POC wells with 
a porosity of 0.2 and 0.3 for each model. A porosity of 0.2 yields travel times of 140 to 850 days, 
whereas porosity of 0.3 yields travel times of 215 to 1275 days to POC wells. The Darcy Law 
calculations are in good agreement with the MODFLOW model. 
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  Figure 27. MT3DMS prediction of Cr plume in model 6X with standard values after 5600 
days.
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Observed Cr concentrations do support the predictions of very low concentration (10μg/L 
or less) in golf course wells (MIS-12,13,14), with MIS-13 &14 having observed concentrations 
close to 10μg/L. The model, however, does not predict the plume to migrate to MIS-14. Possible 
explanations for this discordance is the lack of attenuation of pre-existing Cr(III) present at MIS-
14, and inadequate simulation of the hydrostratigraphic units. Since Cr(III) is relatively 
immobile, it could be possible for low-level concentrations to remain in groundwater for 
extended periods, especially in weakly transmissive aquifers, causing long residence times. As 
described in section 4.2, it is possible that the model doesn’t simulate the lower gravel aquifer 
very well. If there are two discrete hydrostratigraphic units, and groundwater flux in the gravel 
aquifer is greater than the model estimates, it is also possible for flow paths to vary and 
dispersion to increase, causing a different route or wider plume to supply Cr to MIS-14. 
Additionally, the plume may travel in the gravel aquifer and partially bypass the ditch, allowing 
for further transport of Cr. The model predicts that flow paths for the shallow groundwater are 
toward the golf course spring and ditch and that the ditch captures much of the plume; surface 
water and sediment samples from the ditch were not collected.   
Flow paths from the potentiometric surface and the model predict the Cr(VI) plume from 
MO-25 to miss the most easterly POC well, RMIS-5. If Cr(VI) does transport off-site, the 
observations don’t capture the timing or concentration. Since there are no observation wells east 
of RMIS-5, the model can’t be verified by water quality data.  
The time for Cr(VI) to reach POC well RMIS-5 is provided in Table X, above. Transport 
time is largely dependent upon K values and varies between 150 to 900 days. The model predicts 
that, when using published values from former investigations, transport time to RMIS-5 is 150 
days (5 months after Spring flushing; October, 2015), which is interpreted to be the minimum 
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transport time. The sampling event in September, 2015 showed Cr concentrations decrease in the 
repository from July, 2015, and increase in down-gradient wells. Also, higher Cr(VI) values 
were commonly observed during the September, 2015 sampling event. These trends do suggest a 
flushing-type event, and occur at concentrations similar to those predicted by the model (except 
RMIS-5, see Appendix C). The maximum transport time to RMIS-5 is interpreted to be 400 days 
(approximately 13 months). This value was predicted by the model with the input of a 0.001/d 
rate constant (the highest used in simulations), and the K distribution in the 3X simulation. This 
simulation is interpreted to provide the maximum timing because it encompasses the low and 
median reported K values, and those predicted by the model X simulation.  
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6. Conclusions and Recommendations for Future Work 
The SPLP results indicate that the repository material contribute Cr to groundwater. The 
batch sorption experiments indicate that sorption is not occurring at the pH of natural site 
conditions (pH 7 to 7.5) and the mechanism causing the sharp concentration gradient between 
the repository and the POC wells is not determined. Predictions made by the flow model suggest 
that high concentrations of Cr at MO-25 may leave the repository along groundwater flow paths 
that are east of the POC well RMIS-5, and would not be captured by water quality monitoring. 
Transport time, predicted by the MT3DMS model, varies between 150 to 900 days and is largely 
dependent on the aquifer properties, such as K and porosity.  
Cr concentrations in POC and other down gradient wells indicate that the site is operating 
appropriately, likely suggesting that natural attenuation is occurring.  
It is recommended to continue monitoring Cr(VI) values during each sampling event 
using the 1,5 Diphenylcarbazide method suitable for the field. This resolution of data may 
provide trends in relative concentration of Cr(VI)/Cr. Exploring the mechanism for Cr 
attenuation would benefit the conceptual understanding of the site and provide reasonable 
quantification of the efficiency of attenuation. This includes sampling for bacterial cultures 
known to reduce Cr(VI). It is highly recommended to install a shallow monitoring well East of 
RMIS-5, down-gradient of MO-25 to evaluate Cr(VI) transport predicted by the model.  
Surface water and ditch sediment samples should be collected from the golf course ditch 
near the discharge point of the spring, periodically. 
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9. Appendix B: Modeling Results 
 
 
Appendix 9-1. Hydraulic conductivity distribution for model 3X. 
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Appendix 9-5. Potentiometric surface and error bars for computed heads  for model 
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Appendix 9-9. Hydraulic conductivity distribution for model 6X. 
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Appendix 9-13. Potentiometric surface and error bars for computed heads for 
model 6X. 

